I. INTRODUCTION
Regulation of activity through metal ion complexation plays a key role in many enzyme-catalyzed reactions. Molecular mechanisms of metal ion coordination and their effects are an important aspect in the characterization of biological macromolecules. Over one-third of known proteins are metalloproteins (46, 154, 320) . Conceptual associations with protein-metal complexes tend to favor divalent metals. Examples of Fe 2ϩ involvement in redox cycles, Ca 2ϩ in structural stability, or Zn 2ϩ as electrophile in an enzyme-catalyzed reaction readily come to mind. Significance of divalent metals in protein structure and function has been reviewed in detail (11, 89, 284) .
Indeed, many bioinorganic chemistry textbooks are devoted to the description of divalent and polyvalent ions with monovalent cations (M ϩ ) discussed only in the context of membrane potentials. However, a large body of evidence suggests that group I alkali metals Na ϩ and K ϩ play important roles other than nonspecific ionic buffering agents or mediators of solute exchange and transport. Na ϩ is the most abundant metal in human plasma, the backbone of biological fluids, and its occurrence mirrors that found in environmental liquids (Table 1) . Molecular evolution has driven incorporation of selective M ϩ binding sites to enhance activity, diversity, and/or stability of many enzymes.
A diverse literature spanning more than six decades of scientific investigation directly or indirectly involving M ϩ -activated enzymes is summarized in this review. The work builds on our recent classification of M ϩ -activated enzymes (70) . Rapid accumulation of macromolecular structures of Na ϩ -or K ϩ -bound protein complexes over the past decade permits a broad discussion. For brevity, we focus on enzymes characterized in both kinetic and structural detail. A brief introduction to ion homeostasis provides biological context (sect. I) and is followed by inspection of the chemical properties and coordination of M ϩ s (sect. II). Emphasis on structural aspects of M ϩ coordination in small molecules and larger biological macromolecules highlights similarities and differences observed in the diverse group of M ϩ -activated enzymes. Theoretical considerations of M ϩ activation are dealt with in detail (sect. III). Select examples of type I and II M ϩ -activated enzymes are used to illustrate key features of processes involved. Focus is placed on Na ϩ biochemistry with comparisons drawn to K ϩ and divalent cations (M 2ϩ ). The role of Na ϩ on the structure, function, and evolution of serine proteases involved in vertebrate blood coagulation is examined, with focus on the allosteric regulation of thrombin (sect. IV). We conclude with the broader implications on the molecular evolution of M ϩ -activated enzymes and future perspectives in M ϩ biochemistry and protein engineering (sect. V) with a final summary (sect. VI).
A. Historical Perspective
Earliest evidence for M ϩ activation of enzymes was provided by Boyer et al. (30) . Further work led to a now classic paper by Kachmar and Boyer (165) showing the absolute requirement of K ϩ by an enzyme, pyruvate kinase. Earlier descriptions also demonstrated Na ϩ -dependent catalytic rate enhancement in ␤-galactosidase (53) . After these discoveries, many enzymes were observed to display increased activity in the presence of M ϩ (314) . For numerous systems, selectivity for a particular M ϩ is low, and a weak increase in activity is achieved by larger cations (i.e., K ϩ , Rb ϩ , or NH 4 ϩ ). These effects can be understood in terms of kosmotropic effects on the water structure surrounding the protein. Selective activation by K ϩ occurs in many instances, yet fewer enzymes have been identified to be selective for Na ϩ . Dichotomy in the activation profiles likely arises from the unequal distribution of Na ϩ and K ϩ in cells and extracellular fluids ( Table  1) . Involvement of M ϩ in allosteric regulation is possible through sufficient charge density to drive conformational changes and formation of stable complexes with biological molecules. However, charge density is not adequate to be the causative agent of catalysis as commonly observed with M 2ϩ . The biological context of the group IA alkali metals (Li ϩ , Na ϩ , K ϩ , Rb ϩ , Cs ϩ ) provides the beginning of our discussion.
Sodium chloride lies at the heart of human biology and the roots of human civilization. Abundance or absence of this simple compound has had profound effects on human health and has provided a casus belli in many important milestones in the history of man (for an excellent historical account, see Ref. 182) . Several initial forms of economics were based on salt rather than metal coinage and the words salary and soldier are derived from the Latin sal for salt, as is salus, the Latin word for "health." Industrial advances have largely eliminated salt as a limiting component of human nutrition or resource. In contrast, current farming practices are leading to significant Na ϩ accumulation in soil (94) and have fostered the development of saline-tolerant plants (378) . Of the group IA metals, only Na ϩ and K ϩ are essential for human nutrition despite abundance of Rb ϩ and Li ϩ in the earth crust. Curiously, Li ϩ is noted to be an essential nutrient in rodents and goats. Human health is negatively influenced by excess sodium intake that may result in hypertension and other health problems (69, 101, 212) . Naturally occurring organisms have adapted to concentrations of Na ϩ far exceeding that of human tolerance.
B. Halophilic and Halotolerant Adaptations
Life can withstand the extremes of ionic conditions found throughout the planet. NaCl concentrations ap- 4 4-20 54 .0 K proach saturation in the Dead Sea, which despite its name supports growth of archaea, bacteria, and fungi, such as Haloarcula marismortui, Dunaliella salina, and Eurotium herbariorium (38, 58, 269) . Other bodies of water are known for their high salinity, such as the Sargasso and Red Seas and the Persian Gulf. Salt mines, salt marshes, oil field brines, hydrothermal brines, sodic soils, and drying salt lakes may approach saturation levels of salt (306) . The ability to thrive or require salt, halotolerance or halophily, requires a number of energetically expensive cellular adaptations that are typically complemented by photosynthetic metabolism (16, 200) . Organisms found in these environs tend to present anionic phospholipid membranes and acidic protein machinery (102, 331, 332) . Chelation of cations stabilizes macromolecules in conditions of high ionic strength and provides shielding against the ionic environment (58, 82) . Specific ion binding sites and extensive salt bridge networks have also been identified as important structural elements (81, 131) . Microorganisms in conditions of high ionic strength may synthesize ectoine, a novel cyclic amino acid, or other small molecules, such as glycerol, sucrose, and glycine betaine, to maintain osmotic balance with the extracellular medium rather than rely on M ϩ exchange (368, 369) . Alternatively, osmotic balance is achieved with accumulation of high levels of cytosolic K ϩ and concomitant adaptation of intracellular machinery to allow higher levels of K ϩ (340). Osmotolerance mechanisms have been suggested as putative therapeutic targets to inhibit growth of human pathogens such as Vibrio cholerae and Candida albicans (135, 259) . Furthermore, Na ϩ may be employed in extremophilic bacteria as a coupling ion that substitutes for or complements the traditional H ϩ cycle (134) . Little is known on how the earliest forms of life defended themselves in high ionic conditions, and the defense mechanisms of nonhalotolerant organisms are beginning to be defined.
C. Mechanisms of Salt Homeostasis
Yeast serves as a useful model to dissect fungal and plant responses to saline environments. Ion transport systems, cation detoxification mechanisms, and signal transduction mechanisms are similar in these organisms (108, 188, 248, 283) . Ionic strength and/or osmolarity activates mitogen-activated protein (MAP) kinase signaling via a two-component system and the Sho1 membrane protein (201, 202, 266) . Upregulated genes include those for synthesis of glycerol and trehalose for osmoprotection and a shift in metabolism to favor protein synthesis. Transcription factors involved in the yeast response are not clearly defined yet overlap other stress response elements (32, 272, 278, 295) . A genomic approach to the yeast reaction to saline stress indicated that up to 7% of the yeast genome is upregulated during stress (265) . It is surprising that such a large complement of genes is involved, mostly transiently, in response to high ionic strength or osmolarity. High levels of NaCl affect plants through osmotic effects in addition to intracellular accumulation of Na ϩ . Cellular uptake of essential ions such as K ϩ and Ca 2ϩ is also inhibited. In turn, imbalanced intracellular M ϩ ratios result in substitution of Na ϩ for sites requiring K ϩ . In particular, pyruvate synthesis and protein translation are decreased (196) . Regulation of ionic balance in humans is mediated by several mechanisms on a system-wide basis that reduces energetic load on individual cells.
Overall control of water flux plays a key role in regulating the concentration of Na ϩ in the human cardiovascular system. Hormone signaling between the hypothalamus, adrenal cortex, heart, and kidney is mediated through vasopressin (antidiuretic hormone), aldosterone, and atrial natriuretic peptide (ANP) to control electrolyte balance. These signals tightly regulate systemic osmotic pressure near a set-point value (29, 68) . Vasopressin increases the volume of circulating water by acting on renal collecting ducts via activation of V 2 receptors. Intracellular trafficking of aquaporin channels directs them to cell membranes and increases cell permeability and reabsorption (3, 113, 232) . Vasopressin release from the hypothalamus is controlled by osmoreceptors that sense changes in osmolarity of the extracellular fluid (339) . Only recently have mechanisms of mechanosensation begun to be unraveled (180, 216) . Stretch receptors also control release of ANP in the atrial myocardium, which antagonizes the effects of vasopressin and aldosterone (318) . In contrast, aldosterone levels are controlled by the renin-angiotensin system. Aldosterone acts on distal convoluted tubule cells of the kidney through activation of cytoplasmic mineralocorticoid receptors that activate gene expression (103) . Of genes expressed, the epithelial Na ϩ channel (ENaC) plays a key role in maintaining the proper level of Na ϩ . Na ϩ transport by the ENaC is a vital component in the maintenance of ion homeostasis (107) . Activity of the ENaC channel must vary greatly in response to dietary Na ϩ intake. Intracellular trafficking of ENaC proteins is a powerful regulatory mechanism and acts similarly to that observed with aquaporin channels. Trafficking yields a dynamic and large range of response. This contrasts with ligand-or voltage-gated channels that open or close rapidly in response to a stimulus (107) . Low serum Na ϩ concentration (hyponatremia) is the most common electrolyte disorder and a common medical problem that affects ϳ1-5% of all hospital inpatients (2, 99, 179) . Vigorous exercise, like marathon running, can also cause life-threatening hyponatremia (5) . Inherited forms of hypertension and hypotension have been ascribed to several genes involved in ENaC trafficking (192) . Like many membrane proteins and channels, structural information regarding the ENaC is lacking. For example, the number and stoichiometry of the three subunits that heteromultimerize to form the channel is debated (90, 174, 304) . A three-residue tract, Gly/Ser-Xxx-Ser, present within all three subunits is suggested to act as the putative selectivity filter where side chain hydroxyl moieties line the channel pore. Such a configuration would contrast with that observed in K ϩ channels (79, 224, 296) . Although progress has been made in the elucidation of the crystal structures of several M ϩ channels and pumps, only a few examples of a potentially diverse class of enzymes have been provided to date. Our best examples of M ϩ coordination come from small-molecule studies that provide a useful framework for understanding M ϩ binding in proteins and other biological macromolecules.
II. M ؉ COORDINATION CHEMISTRY
Sir Humphrey Davy (1807) first isolated sodium by the electrolysis of fused soda (NaOH). Earliest definitions of group IA metals classify them as type A metals and very hard Lewis acids (252) . Group IA metals have small ionic radii that bear a strong positive charge with no electron pairs in the valence shell (Table 2) . They have low electron affinity and a strong tendency for hydration. Both the strong charge and small ionic radius of group IA metals impart bonding characteristics that are more covalent in nature. However, interaction between M ϩ and ligand is based solely on electrostatics and is not technically a "bond" (251) . Importantly, ligand exchange rates (k ex ) of M ϩ are very high and allow rapid association and dissociation kinetics. Charge density of any M ϩ is insufficient to be the causative agent of catalysis as the single positive charge is spread over a large volume. However, M ϩ coordination can play an important role in rate enhancement or allosteric regulation of an enzyme-catalyzed reaction. From the perspective of organic chemistry, M ϩ s are typically viewed as counter-or spectator ions to more interesting Lewis bases. The biochemical influence of M ϩ is of more considerable scope.
A. M ؉ Coordination in Synthetic Molecules
Small molecule chemistry provides a useful introduction to M ϩ coordination in biological macromolecules. Lehn, Pederson, and Cram (60, 189, 253) synthesized a series of high-affinity M ϩ chelators. Their work led to the development of host-guest chemistry in which a ligand (guest) binds a multidentate macromolecule (host) to drive its synthesis. Cyclic polyethers (crown ethers, Fig.  1A ) are capable of M ϩ coordination through six O atoms, yet conformational flexibility of these molecules requires a significant entropic penalty for complexation (253) . Such chelators must significantly alter conformation for M ϩ binding. Creation of a bicyclic system (cryptand, Fig.  1B ) locks the desired conformation and adds dimensionality (189) . Rigidification of the system (spherand, Fig.  1C ) abrogates the need for conformational change and leads to femtomolar affinity and exceptional selectivity (60) . Conceptual simplicity, broad applicability, and utility of these designed molecules led to a most deserved Nobel Prize in 1987 for these authors. Chemical coupling of these compounds yields fluorescent M ϩ sensors (136, 208, 302) . Even larger macrocyclic compounds, such as calixarenes, have been developed more recently for use in M ϩ -selective electrodes (10, 44) . Affinity and selectivity of these synthetic compounds exceed that observed in enzymes.
Synthetic M ϩ ionophores demonstrate key aspects of M ϩ -protein complexation. First, ion coordination is largely mediated by O atoms donated from amino acid side chains and carbonyl O atoms of the polypeptide backbone. Composition of M ϩ binding sites is highly variable. Examples involving all of the amino acids are known, yet there is a weak preference for Ala, Gly, Leu, Ile, Val, Ser, Thr, Asp, and Asn (130) . Cation-interactions involving Tyr, Phe, or Trp side chains are rarely found in M ϩ binding sites due to the inability of this type of interaction to overcome the large energetic penalty of dehydration (78) . However, certain enzymes, such as tagatose-1,6-bisphosphate, feature a cation-interaction in the coordination shell (124) . Inspection of the Cambridge structural database of small molecules demonstrated that O atoms comprise 90% of the interactions with Na ϩ and K ϩ , with N, F Ϫ , and Cl Ϫ found in few instances (130) . In contrast, Mg 2ϩ and Ca 2ϩ binding sites tend to involve carboxyl groups of acidic amino acids and naturally involve a formal charge to compensate for charge density (129) . Second, M ϩ sites possess a three-dimensional nature with five to eight ligands involved in the coordination shell (70) . Hence, geometry of a bound M ϩ differs significantly from trigonal planar geometry of the ubiquitous H 2 O solvent. Octahedral coordination through six ligands is most commonly observed with Na ϩ in known protein structures (Fig. 2) involve select ligands of the coordination shell of the ion (46, 320) . Finally, complementary geometry of the binding site and ion provides selectivity (319) . Despite a wealth of crystallographic data, the mechanism by which M ϩ complexation proceeds is largely unknown. Questions remain on whether M ϩ complexation involves increasing or decreasing the number of ligands coordinating the cation and the rate constants by which these steps occur. Such processes are more readily understood for divalent metals where ligand exchange rates are slower and allow detection of stable intermediates. Ubiquitous presence of M ϩ in nature has led to a variety of cation binding sites and assorted enzymes with concomitant diverse strategies for M ϩ utilization. Subtle differences in the electronic properties of M ϩ lead to profound differences in coordination chemistry, solvent effects, and catalytic outcome. Ionophores provide further information on the nature of M ϩ binding. Unlike large macromolecules, ionophores tend to undergo significant conformational changes upon M ϩ complexation.
B. Naturally Occurring Small Molecules
Many naturally occurring small molecules are well defined for their ability to bind M ϩ with high selectivity and affinity (270) . Ionophoric antibiotics are produced by several gram-positive bacterial species such as Streptomyces, Streptoverticillium, Nocardiopsis, Nocardia, and Actinomadura (20) . M ϩ binding by these compounds involves a conformational change that allows the complex to transport across a membrane through facilitated diffusion. Valinomycin from Streptomyces fulvissimus is a 12-membered macrocyclic peptide that prefers larger cations (Rb ϩ and K ϩ ). The macrocycle is composed of three repeats of alternating L-and D-amino acids (L-Val-DHiv-D-Val-L-Lac, where Hiv is ␣-hydroxyisovaleric acid and Lac is lactic acid). Crystal structures of valinomycin in the free and bound state provide an elegant example of M ϩ complexation. In the free state all six NH groups are intramolecularly H-bonded, four to amide CϭO groups with two to CϭO from ester moieties (263) . Upon complexation with a M ϩ , the cyclical chain forms a braceletlike conformation around the ion, and six ester carbonyl groups coordinate the ion in octahedral configuration (Fig. 3) . Further stabilization of the complex is achieved through H-bonding between carbonyl O and amide H moieties (230) . A Na ϩ -selective cyclic decapeptide, antamanide, has been described from the poisonous Amanita mushroom (350) . Interestingly, this ionophore counteracts the effects of other toxic compounds produced by the organism. Noncyclical ionophoric compounds have also been described. Monensin and narasin are polyketides that form stable complexes with Na ϩ through conformational changes upon ion complexation (Fig. 4) . (47) . Monensin, like other antibacterial M ϩ ionophores, has been used for many years in the dairy industry for selective reduction of bacterial fauna (40) . Most naturally occurring synthetic ionophores prefer K ϩ including nonactin (169), monactin (260) , dinactin (260) , salinomycin (282) , and nigericin (195) . Several antifungal agents interact with sterols in the cell membrane (ergosterol in fungi, cholesterol in humans) forming ion channels that disrupt cellular concentration gradients such as amphotericin B (25) , nystatin (92) , and pimaricin (9) . Of known small molecule ion permeation channels, gramicidins are the best characterized.
Gramicidins are a group of naturally occurring linear peptides containing alternating L-and D-amino acids that increase cation permeability of bacterial membranes yet do not bind M ϩ directly (132) . Gramicidins form bilayerspanning channels that transport M ϩ across the membrane by ion permeation, which differs from the M ϩ -complexation observed in other ionophoric antibiotics. Several structures of gramicidin are available (6, 59, 290, 347) . In solution the peptide presents significant flexibility that rigidifies in a phospholipid membrane (333, 334, 341 ). An antiparallel single-stranded ␤ 6.3 -helical dimer forms a channel within the phospholipid bilayer (345, 346) . Luminal diameter of the pore (4 Å ) is sufficient for nonspecific transport of M ϩ , H ϩ , and water (144, 226) . Selectivity for M ϩ permeation can be influenced by amino acid substitutions in the peptide. However, selectivity is based on electrostatic interactions between permeating ions and ϩ . An inner sphere of interactions (dashed gray lines) provides near-perfect octahedral coordination of the cation (yellow sphere). Further stability arises from a second shell of intramolecular H-bonds (dashed green lines). In turn, the surface of the complex is hydrophobic and permits facilitated diffusion through a phospholipid bilayer. side chain dipoles. Backbone carbonyl O atoms in gramicidin channels switch between intramolecular H-bonds with the polypeptide backbone or interactions with the permeating ion (159, 160, 170) . Rather than a defined positioning of atoms in the coordination shell, diameter of the pore results in selectivity. In turn, permeation decreases with increasing dehydration energy (83) . In contrast, K ϩ channels present carbonyl groups that lie perpendicular to the direction of ion movement which in addition to the size of the pore dictates ionic selectivity. The nonselective NaK channel from Bacillus cereus presents fewer carbonyls in a plane perpendicular to ion motion, with other carbonyl groups parallel to the movement more similar to that observed in gramicidins (Fig. 5) .
Conduction by aquaporin channels differs considerably from known M ϩ channels. Aquaporins line a hydrophilic pore with O atoms at staggered positions that facilitate selective H-bonding with water and potentially small neutral alditols or CO 2 (224, 342) . Hence, pore size does not generate selectivity; rather, the geometry of bonding does. It is unclear whether the putative selectivity filter of ENaC presents hydrophilic side chains or backbone carbonyl O atoms to line the pore and generate selectivity. In Na ϩ symporters and antiporters, it is clear that Na ϩ binding involves complete dehydration of the ion, thus yielding high selectivity and affinity. Much structural work remains to be done in this field and is likely to yield interesting results in the coming years.
C. M ؉ Coordination in Biological Macromolecules
Nucleic acids commonly bind M ϩ and M 2ϩ to mediate structure, stability, and protein-nucleic acid interactions. Physiological cations bind both the major and minor groove of DNA double helices as demonstrated through experimental (67, 152) and theoretical approaches (50) . In particular, Na ϩ and other M ϩ preferentially bind the minor groove of adenine-rich sequences in A-form of DNA. Ions are thought to bind at similar positions to water molecules yet with considerably longer residence times in the spine of hydration that runs along the groove (126) . M 2ϩ are thought to bind both the minor and major grooves of DNA also with a preference for the A-form of DNA. Notably, the effect of M ϩ binding to DNA structure has met with debate (51 2ϩ sites often utilize one or more full negatively charged groups to balance the higher charge density of these ions. Peptide bonds possess a useful configuration for allosteric regulation through M ϩ complexation. These bonds are planar and extremely stable due to resonance. In turn, increased dipole moment of the carbonyl O atom provides a stronger electrostatic interaction with the ion. Moreover, recruitment of additional regions of the protein is mediated via H-bonding through the amide H (Fig. 6) M ϩ complexation can elicit a variety of effects on protein structure and function. Proteins in solution are dynamic entities with significant degrees of freedom afforded to surface-exposed residues (84) . Selective stabilization of one conformation of the enzyme through M ϩ complexation may produce local and potentially longrange effects on the enzyme structure (Fig. 7) . Entropy of these solvent accessible regions can impact kinetic properties of the enzyme (98, 109) . Substrate binding to a stabilized enzyme-M ϩ complex may be more favorable as the entropic penalty of ordering the enzyme to form the enzyme-substrate complex is paid by the previously bound ion. Divalent metal binding acts similarly in many enzyme systems (203) . The variety of reported instances of weak M ϩ activation of enzyme activity are possibly the result of global entropic effects rather than a specific M ϩ binding site interwoven into the catalytic process of the enzyme. Structural stabilization due to the kosmotropic effects of larger M ϩ s on the water environment is correlated with enhanced activity in many enzymes (145) . However, redistribution of the equilibrium between protein conformational states is a key aspect of allosteric regulation (168) . Allostery is defined as the binding of a ligand at one site causing a change in the affinity or catalytic efficiency of a distant site (221) . Communication between distal regions in a macromolecule is required to understand protein structure and function. Such allosteric signals can arise from a variety of mechanisms, and growing evidence supports the notion that many, if not all, proteins utilize allostery (123, 209) . In certain instances, pathways of communication between allosteric sites are conserved and amenable to detection through bioinformatic analysis (76, 194, 313) . However, these approaches have been applied to few systems and require large numbers of related protein sequences. Moreover, one may also question whether the close proximity of coevolving residues has structural consequences that have nothing to do with allosteric communication (95, 96) . Introduction of a single positive point charge may act locally to increase the pK a of a negatively charged group or decrease the pK a of positively charged moiety. However, pK a shifts due to M ϩ binding are likely to be minor and transient. Binding of a M ϩ is distributed among several weakly charged atoms, allowing for the possibility that directional motion of the ion could occur (Fig. 8) . Such motion is obvious in the case of M ϩ channels. As noted above, fast rates of ligand exchange allow for ion motion to occur with sufficient speed to assist efficient catalysis. Primitive metalloenzymes that bind M 2ϩ facilitating additional ligand binding or catalysis have been designed de novo; however, similar results have not been achieved with M ϩ (80, 370) . Characterization of the allosteric transitions occurring upon M ϩ binding is furthered by several new experimental techniques, such as multiplequantum relaxation dispersion NMR (173) and picosecond time-resolved X-ray crystallography (153) . Traditional approaches using X-ray crystallography, NMR, fluorescence, and spectroscopic methods complement kinetic analysis in the majority of reported instances. Numerous M ϩ -protein complexes have been defined through X-ray crystallography (70) .
D. Macromolecular Stability and Solubility
Observed differences in valence parameters of M ϩ lead to a host of macroscopic features based on hydration properties of these ions. Group IA alkali metals bear a single positive charge with differing ionic radius ( Table  2 ). Subtle differences in ionic radii correspond with significant alteration of ionic volume, hence charge density, and downstream effects upon bonding parameters. Hydration shells of M ϩ are dissimilar, and this extends to secondary and tertiary shells of the ion. Li ϩ and Na ϩ are small enough to bind three or four water molecules with reasonable affinity and result in a larger apparent size in aqueous solution. K ϩ favors four or five water molecules coordinated with weaker strength (54 -56, 75, 150) . Biological exploitation of this subtle difference is exemplified in the structure of K ϩ channels whose selectivity is based on the ability to strip water molecules from the hydration shell of the ion (8, 79) . In turn, K ϩ channels rather than Na ϩ channels form the basis for numerous ionic balancebased transport systems. Universally, intracellular concentrations of K ϩ are considerably higher relative to the extracellular environment. Overall, Na ϩ balance in all organisms including humans is largely driven through transport of water molecules rather than regulated movement of Na ϩ and stems from electronic differences of M (286) . Hydration shells of M ϩ exert dispersive effects on neighboring water molecules through electrostatic interactions and coordination geometry.
Over a century ago, Hofmeister noted the ability of various ions to induce the precipitation of proteins in solution (181) . Ionic effects on protein structure have been widely ascribed to their effect on water. Smaller, more strongly hydrated ions are kosmotropic (water structuring) (Li ϩ , Na ϩ ), whereas larger ions are chaotropic (water disrupting) (K ϩ , Rb ϩ , Cs ϩ ) (27, 39, 97, 150) . The Hofmeister series bears an important relationship with protein solubility. Chaotropic agents are well known for their ability to cause protein precipitation and formed the backbone of protein chemistry before development of more refined chromatographic techniques. At low concentrations of a given salt, solubility of a macromolecule increases slightly in a process termed salting-in. At high concentrations of salt, the protein solubility drops sharply, termed salting-out, and this phenomenon forms the basis of many protein purification strategies. Debye-Hü ckel theory can explain certain aspects of this phenomenon by applying continuum electrostatics to simplify ions in solution. The positively or negatively charged ion is represented as a point charge in a solvent of constant dielectric constant. The theory dictates that proteins are surrounded by salt counterions that screen charged groups and results in lower electrostatic free energy of the molecule and increased activity of the solvent, which in turn leads to increasing solubility. However, as the concentration of ions is increased, their solvating power decreases, protein solubility decreases, and precipitation results. For solutions of greater ionic strength, the Pitzer equation should be used (264) . Although the Pitzer equation is accurate, many empirical values need to be determined for application. Specific ion interaction theory has been proposed more recently as a simplified, yet accurate, alternative (117) . All of the above models for ions in solution suggest ionic influences act over fairly large distances with uniform distribution. Many lines of evidence suggest this simplification may be problematic (26, 55) . Inhibition of activity by M ϩ at high concentrations has been documented for many enzymes and can be attributed to the chaotropic effect of larger ions. Destabilization of the enzyme structure would then lead to reduced catalytic activity via nonspecific mechanisms. Monovalent anions are more commonly noted for their inhibitory effect on enzyme-catalyzed reactions (374) . However, in a large number of systems to be dealt with next, the role of M ϩ is highly specific and mediated by binding to the enzyme and or enzyme-substrate complex. In such instances, nonspecific ionic strength effects become of marginal significance, and mass-law binding becomes of the essence.
E. M ؉ Selectivity
Several M ϩ -activated enzymes have been crystallized free or in the presence of Na ϩ , K ϩ , or other M ϩ , and the resulting information has broadened our understanding of M ϩ selectivity. In the case of tryptophan synthase, changes between the Na ϩ -bound and K ϩ -bound structures are significant (281) but are not matched by differences in the kinetics of activation (357) . In pyruvate kinase, replacement of K ϩ with Na ϩ results in no structural changes (185) , although the enzyme is practically inactive without K ϩ (30) . In thrombin, however, changes in coordination between Na ϩ and K ϩ propagate to the oxyanion hole and explain the differences in the kinetics of activation (247, 262) . In the case of dialkylglycine dehydrogenase (324, 325) and Hsc70 (93, 352) , replacement of the essential K ϩ with Na ϩ drastically changes the geometry of coordination and perturbs residues that control binding of pyridoxal phosphate (PLP) or ATP. These enzymes have evolved K ϩ selectivity by imposing geometric constraints on the coordination shell that cannot be obeyed by the smaller ionic radius of Na ϩ . The linkage with enzyme activation is ensured by the functional connection of these constraints with the optimal orientation of catalytic residues. Rigidity of the coordination shell guarantees selectivity by increasing the entropic cost of any reorganization meant to accommodate a M ϩ of different size. Interestingly, an analogous strategy has been exploited successfully in the synthesis of selective chelators (60, 217) .
One striking feature of K ϩ channels is the GYG signature sequence (residues 77-79) whose backbone O atoms shape part of the selectivity filter that gates access to a pore that transverses the phospholipid membrane. Four carbonyl O atoms define a plane that dictates the size of the pore. B-factors of these O atoms indicate that RMS fluctuations of 0.75-1 Å occur and agree with molecular dynamics simulations (17, 36) . In turn, the O atoms are in a fluidlike state, and the size of the channel acts simultaneously to provide fast conduction rates. Indeed, size of the pore allows for near-equal transmission of Rb ϩ . Naturally occurring nonspecific channels have been identified where the selectivity filter is absent. For example, the NaK channel from Bacillus cereus has reduced selectivity similar to cyclic nucleotide-gated channels and possesses a GDG sequence rather than the typical GYG. In turn, carbonyl O atoms adopt a different conformation, yielding a nonspecific binding site (297) . Remarkably, conformation of the GYG sequence relative to the bound K ϩ in the channel is similar to the GYG sequence (residues 325-327) near the K ϩ binding site of pyruvate dehydrogenase kinase (167) , the GFG sequence (residues 337-339) near the K ϩ binding site of branched-chain ␣-ketoacid dehydrogenase kinase (197) , and the KYG sequence (residues 224 -226) near the Na ϩ binding site of thrombin (247) ( Fig. 9 ). Furthermore, mutation of Tyr in this sequence has very similar functional consequences in the K ϩ channel (228) and thrombin (121) . This unexpected connection is testimony to the basic similarity of M ϩ recognition mechanisms that evolution has bestowed on proteins of widely different function.
Other examples are provided by ion transporters for which M ϩ selectivity is near absolute. The V-type Na ϩ -ATPase (225), F-type Na ϩ -ATPase (211), and bacterial Na ϩ /Cl Ϫ -dependent neurotransmitter homolog (365) cage Na ϩ in rigid environments, practically inaccessible to K ϩ . In the KcsA K ϩ channel, backbone O atoms line the channel to maintain distances suitable only for K ϩ coordination and provide an exact replica of the coordination shell of K ϩ in solution (79) . A key feature from currently available structures is the absence of water molecules surrounding the M ϩ in antiporters and symporters. Binding sites in channels and pumps are largely composed of O atoms donated by the protein that may or may not possess one formal negative charge. Selectivity in M ϩ channels and pumps results from a fairly rigid binding site whose geometry matches the radius of a bound ion. As such, the protein presents carbonyl groups in a similar conformation to that observed in small molecules (Fig.  10 ). In turn, the energy of ion binding is greater than the energy associated with dehydration of the ion. Ionic selectivity by a macromolecule need not require strict rigidity and may be compensated through entropic terms as evidenced by the numerous ionophores discussed above (236) . The structure of the KcsA K ϩ channel in the presence of Na ϩ demonstrates how the channel may adopt a conformation that permits ion binding yet is not conducive to ion transport (375) (376) (377) . It is less clear how these observations relate to other systems given the paucity of structures determined in the presence of differing ions. Local conformational dynamics, and potentially larger scale alterations, are central to understanding M ϩ coordination and the resulting effect on enzyme-catalyzed reactions.
III. M ؉ -ACTIVATED ENZYMES
Over 60 years ago, Boyer et al. (30) reported the groundbreaking observation that pyruvate kinase would only express appreciable catalytic activity in the presence of K ϩ . A similar effect was soon discovered in other systems, and just a few decades later the field of enzymes requiring M ϩ for optimal activity encompassed hundreds of examples from plants and the animal world (86, 314 10 . Na ϩ coordination in the LeuT Aa from Aquifex aeolicus (2A65) (CPK, C in cyan) involves no water in the rigid coordination shell. In this transporter, two Na ϩ are transferred with Leu with antiport of Cl Ϫ , and varying ratios of cations and anions to substrate are known. The amino acid (CPK, C in yellow) has direct contacts that complete the coordination shell of one of the two bound Na ϩ (yellow sphere).
ROLE OF NA ϩ AND K ϩ IN ENZYME FUNCTION ability of Na ϩ outside the cell and K ϩ inside the cell to optimize their catalytic function. Indeed, a strong correlation exists between the preference for K ϩ or Na ϩ and the intracellular or extracellular localization of such enzymes. Since the beginning, this rapidly expanding field had to address two basic questions, namely, the molecular mechanism of M ϩ activation and the structural basis of M ϩ selectivity. Kinetics of M ϩ activation are relatively straightforward but often fail to address unequivocally either question. Hence, progress in the field had to await high-resolution crystal structures of M ϩ -activated enzymes, which have become available over the last decade.
A. Kinetics of M ؉ Activation
In the study of enzyme activation by M ϩ , attention is often focused on the effect of M ϩ on the velocity of substrate hydrolysis. The activating effect is readily observed as an increase in the velocity as a function of
. Specificity is detected in this assay by comparing the velocity among different M ϩ at the same concentration. Below we show that quantitative information about the energetics and mechanism of M ϩ can be obtained by measurements of the independent Michaelis-Menten parameters k cat and s ϭ k cat /K m . In general, these parameters can be defined respectively as the velocity of product formation per unit enzyme under saturating conditions of substrate (k cat ) and the velocity of product formation per unit enzyme and substrate when the substrate concentration tends to zero (s). It should be noted that K m , the concentration of substrate giving half of the maximal velocity of substrate hydrolysis, is not an independent parameter because it requires knowledge of the value of k cat . The values of s and k cat , on the other hand, are independent of each other because they define, respectively, the initial slope and asymptotic value of the velocity curve, expressed in units of enzyme concentration.
We will derive the independent parameters defined above for a basic scheme of M ϩ activation (see scheme 1). We will assume that the enzyme E contains a single site for substrate and M ϩ . The scheme also applies to the case where the enzyme has multiple active sites that do not interact, but would not apply to oligomeric enzymes that bind substrate or M ϩ at multiple interacting sites. Even in its simple form, scheme 1 finds application in a number of relevant systems and captures the basic features of M ϩ activation. Scheme 1 was introduced by Botts and Morales in a different context to analyze the action of a modifier on substrate hydrolysis (28) . The enzyme is assumed to exist in two forms, one free (E) and the other bound to M ϩ (EM), with different values of kinetic rate constants for binding (
, and hydrolysis (k 2,0 , k 2,1 ) of substrate S into product P. K A ϭ k A /k -A and KЈ A ϭ kЈ A /kЈ -A are the association constants for M ϩ binding to E and ES, respectively. Detailed balance imposes a constraint among the rate constants in scheme 1, i.e.,
The exact analytical solution for the velocity of product formation at steady state can be found in a number of different ways. We will use the Hill diagram method (143) , because of its elegance and direct connection with the kinetic features of the scheme. Scheme 1 contains four species, of which only three are independent because of mass conservation. Hence, each directional diagram must contain the product of three rate constants. The sum of the trajectories toward each species defines the contribution of that species at steady state. The velocity of product formation is then 
where e tot is the total concentration of active enzyme and ¥ EX is the sum of the trajectories toward species EX. Coefficients in Equation 1 are listed in Table 3 and are polynomial expansions in the variable [M ϩ ] ϭ x, with each term mapping into a trajectory in scheme 1. The velocity of product formation for scheme 1 is quadratic in [S] , although the enzyme contains only a single site for S. Likewise, polynomial expressions in x are quadratic, although the enzyme contains one binding site for M ϩ . This consequence arises from the difference in which terms are calculated for equilibrium and steady-state systems (28, 74, 143) . Under the influence of M ϩ , an enzyme containing a single substrate binding site can display cooperativity in substrate binding, and this possibility should be kept in mind when analyzing experimental data. Glucokinase is a relevant example of cooperativity in monomeric enzymes because it isomerizes slowly between two forms, E and EM in scheme 1, that differ in affinity and catalytic competence toward substrate (166) .
In 
Three independent parameters k 2,0 , k 2,1 , and KЈ A can be resolved from measurements of k cat as a function of x. On the other hand, measurements of s as a function of x only resolve two parameters because of the form of Equation 3 . These parameters are
obtained as the values of s in the absence or presence of saturating concentrations of M ϩ . Resolution of K A , measuring the affinity of M ϩ for the free enzyme, is complicated by the expansion term ⌳(x) that contains the additional independent parameters
and k 1,1 /k 1,0 . When ⌳(x) makes a small contribution to the value of s, K A can be estimated from the value of x at the midpoint transition of s from s 0 to s 1 . This appears to be the case under many circumstances (see Fig. 28 ).
Binding and dissociation of M ϩ is fast compared with all other rates in scheme 1. Experimental evidence is known for the case of Na ϩ binding to thrombin (183) , but this expectation is certainly valid more generally because enzymes activated by M ϩ tend to obey Michaelis-Menten kinetics. In fact, when the rate constants k A , k -A , kЈ A , and kЈ -A become dominant, the only trajectories to be taken into account in the derivation of the kinetic equations are those containing two such constants. In turn, this makes ␤ and ⑀ negligible and Equation 1 reduces to the familiar Michaelis-Menten form
with 
Interestingly, the expression for k cat is not affected by the drastic change in the form of v, and even s changes only slightly. It should be pointed out that the condition ϭ 1 was identified by Botts and Morales to ensure MichaelisMenten kinetics (28) . However, the above equations show that such condition is only sufficient, but not necessary, for Michaelis-Menten kinetics. Even when the enzyme obeys Michaelis-Menten kinetics, the value of K A is difficult to resolve because of the form of Equation 6 . Measurements of this important parameter must be carried out by means of other techniques, such as enzyme titration through circular dichroism or fluorescence spectroscopy. Alternatively, the value of and k 1,1 /k 1,0 must be resolved from independent measurements of substrate hydrolysis as done for thrombin (177) . Kinetic signatures of relevant types of activation based on a recent classification of M ϩ -activated enzymes (70) may differ significantly, and k cat becomes of diagnostic value (Fig. 12) . The mechanism of M ϩ activation can be established unequivocally from crystal structures as cofactor-like (type I) or allosteric (type II). In the former case, substrate anchoring to the enzyme active site of the enzyme is mediated by M ϩ , often acting in tandem with a divalent cation like Mg 2ϩ . In such a mechanism, M ϩ coordination is absolutely required for catalysis or substrate recognition. In the latter, M ϩ binding enhances enzyme activity through conformational transitions triggered upon binding to a site where the cation makes no direct contact with substrate. In this case, the M ϩ is not expected to be absolutely required for either binding or catalysis. M ϩ activation, whether type I or type II, is (187, 239) . This demonstrates that binding of K ϩ in pyruvate kinase is strictly required only for catalysis and not for substrate binding to the active site. Figure 12 shows the different behavior of k cat in the three possible activation cases. The relevant kinetic expressions for the various types of activation are summarized in Table 4 . (362) . The mechanism of kinetic activation can be resolved unambiguously only by structural investigation. Recent availability of high-resolution crystal structures of M ϩ -activated enzymes has made it possible to formulate a simple unambiguous classification (70) ( Table 5) . M ϩ -activated enzymes can be further grouped based on the preference for Na ϩ or K ϩ , as established by kinetic studies and mechanism of activation as shown from struc- 1A2C, 1A46, 1A4W, 1A5G, 1A61, 1AD8, 1B5G, 1BB0, 1C1U, 1C1V,  1C1W, 1C4U, 1C4V, 1C5L, 1C5N, 1C5O, 1CA8, 1D3D, 1D3P, 1D3Q,  1D3T, 1D4P, 1D6W, 1D91, 1DE7, 1DOJ, 1DX5, 1GHV, 1GHW,  1GHX, 1GHY, 1GJ4, 1GJ5, 1JM0, 1JOU, 1K21, 1K22, 1O2G, 1O5G,  1OYT, 15B1, 1SFQ, 1SG8, 1TBZ, 1VZQ, 1XMN, 1Z8I, 1Z8J, 2THF , 7KME, 8KME; K ϩ bound: 2A0Q; Free: 1SGI, 1SHH, 2AFQ, 2A0Q (229) . The original formula introduced by Brown and Wu has been recently redefined (219) . Figure 13 shows the ideal M Diol and glycerol dehydratases provide the simplest example of type I enzymes (191, 299) . Diol dehydratase is a coenzyme B 12 -dependent enzyme with an absolute requirement for K ϩ (326). The requirement is explained eloquently by the crystal structure of the enzyme bound to propanediol (Fig. 14) . K ϩ is coordinated by five ligands from the protein and acts as a "bait" for two hydroxyl O atoms of the substrate (299), thereby explaining how absence of K ϩ would make binding of substrate impossible. In the free form, the enzyme retains K ϩ in essentially the same coordination yet replaces two substrate ligands with water molecules (298) . Practically the same result is observed for glycerol dehydratase, which binds the essential K ϩ in the same coordination shell in the absence of glycerol (191) by replacing the glycerol hydroxyl O atoms as ligands (364) with water. Involvement of M ϩ is commonly applied to overcome substrate charge rather than neutral substrates.
B. Structural Classification
A crucial role for M ϩ is observed in several phosphoryl transfer enzymes such as pyruvate kinase, ribokinase, and class II aldolases (discussed below). It is tempting to speculate that K ϩ involvement in phosphoryl transfer reactions in kinases evolved from proteins recognizing K ϩ bound to the phosphate backbone of nucleic acids. Indeed, several large RNA polymers apply selective coordination of a K ϩ with the phosphoryl group to ameliorate unfavorable energetics of buried phosphate groups, thus allowing more complex structures and ribozyme catalysts to form (57, 127) . Compensation for charge density in combination with rapid association and dissociation kinetics allows M ϩ to play vital roles in enzyme-catalyzed reactions involving electrostatic interactions.
Enzymes involved in phosphoryl transfer reactions were long recognized to be the dominant group among M ϩ -activated enzymes (86, 314) , and this early observation is confirmed by the entries in Table 5 . In addition to K ϩ , these enzymes have an absolute requirement for a divalent cation, typically Mg 2ϩ (30, 223, 237, 336, 359 (130) . The intersections between the curves and the horizontal lines define the optimal coordination geometry. The values of 5-6 for Na ϩ and 6 -7 for K ϩ are in excellent agreement with the observed coordination in available protein crystal structures (see Table 5 ).
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ϩ AND K ϩ IN ENZYME FUNCTION identified to require K ϩ for optimal catalytic activity (30). The requirement is absolute, along with two Mn 2ϩ or Mg 2ϩ (214, 215) . Recent structural work has provided a molecular framework to understand the crucial role of K ϩ in this key enzyme (163, 186) . Pyruvate kinase is allosterically regulated and features a tetrameric structure where each subunit is arranged in four separate domains. The NH 2 -terminal N domain is a short helical stretch. The active site is formed by the A domain (residues 19 -88 and 189 -360) capped by a nine-stranded ␤-barrel B domain (residues 89 -188). Two segments of the A domain fold into a parallel (␣/␤) 8 (Fig. 16) . K ϩ is hepta-coordinated, with one ligand coming from P␣, two carbonyl O atoms from Thr-30 and Lys-51, and four water molecules (344) . Nucleophilic attack on the P␥ of ATP is mediated by Asp-52. K ϩ fixes both groups in place through some of its ligand water molecules and is assisted by Mg 2ϩ , which anchors all three P groups of ATP.
Branched-chain ␣-ketoacid dehydrogenase (BCKD) kinase (197) Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and K ϩ (yellow sphere). K ϩ is coordinated by five ligands from the protein and acts as a "bait" for the two hydroxyl O atoms of propanediol. (Fig. 17) . Binding produces substantial ordering of the region between His-302 and Phe-336 not visible in the apo form crystal structure. Ordering of His-302 and Phe-336 produces quadruple aromatic stacking with Tyr-301 and Phe-338 to stabilize architecture of three neighboring helices and contributes to stability of the entire protein fold. A similar architecture has been observed in the recent crystal structure of pyruvate dehydrogenase kinase bound to ATP (167) .
Two K ϩ in tandem with Mg 2ϩ are observed in the molecular chaperone Hsc70 (352) and the Rad51 recombinase homolog from Methanococcus voltae (358) . Hsc70 belongs to the heat shock family of proteins involved in binding and release of polypeptides linked to ATP hydrolysis (110) . Similar to GroEL, ATPase activity of Hsc70 is optimal in the presence of K ϩ (Fig. 11) , with NH 4 ϩ and Rb ϩ showing nearly half as much activity and minimal activity in Na ϩ , Li ϩ , and Cs ϩ (237). Detailed kinetic analysis of ATP hydrolysis reveals that K ϩ stimulates turnover rate, with almost no effect on the equilibrium binding properties of the enzyme toward ADP. The crystal structure of a fragment of Hsc70 retaining the M ϩ activation of wild-type was solved in the presence of Na ϩ (93) and K ϩ (352) . The K ϩ structure shows two K ϩ bound to the active site, together with a Mg 2ϩ that is required for optimal catalysis (Fig. 18) Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), K ϩ (yellow sphere), and Mg 2ϩ (green sphere). BCKD kinase and pyruvate dehydrogenase kinase belong to the GHKL ATPases that also comprise gyrase, Hsp90, bacterial histidine kinase CheA, and the DNA mismatch repair protein MutL (see Fig. 21 ). All crystal structures available for this class of enzymes show Mg 2ϩ bound to the O␦1 atom of a conserved Asn and to the triphosphate moiety of ATP. In addition, K ϩ is situated on the opposite side of ATP relative to Mg 2ϩ , rather than in cis as in pyruvate kinase (see Fig. 16 ) or Hsc70 (see Fig. 19 ), and bridges one O atom of the phosphate moiety of ATP to typically four protein atoms.
FIG. 16. Structural basis of type I K
ϩ activation of GroEL (1KP8, see also Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), K ϩ (yellow sphere), and Mg 2ϩ (green sphere). Nucleophilic attack on the P␥ of ATP is mediated by Asp-52. K ϩ fixes both groups in place through some of its ligand water molecules and is assisted by Mg 2ϩ , which anchors all three P groups of ATP.
ROLE OF NA ϩ AND K ϩ IN ENZYME FUNCTION phosphate moiety of substrate and optimizes the register for docking in the enzyme active site and formation of the transition state. The function is assisted by a divalent cation, Mg 2ϩ in this case, whose likely function is formation of a ␤,␥-bidentate complex with ATP favoring nucleophilic attack on the P␥. The structure of Hsc70 solved in the presence of Na ϩ reveals important changes around the M ϩ binding sites (93) . Most notably, Na ϩ at site 1 is octahedrally coordinated and loses contacts with one of the P␤ O atoms and the P␣-P␤ bridging O atom of ADP. Na ϩ at site 2, on the other hand, is tetrahedrally coordinated and loses Asp-199, Asp-206, and the carbonyl O atom of Thr-204 as ligands. These changes are very significant and cause P␤ of ADP to reposition in the active site. Hence, exact coordination of substrate depends on the ionic radius of the M ϩ present, offering a sound explanation for the kinetic preference of K ϩ over Na ϩ . Such changes have been observed in the structure of the human Hsp70 chaperone solved in the presence of Ca 2ϩ and Na ϩ (307). Of particular interest is the tertiary fold of Hsc70, which is almost identical to that of actin. However, requirement for a M ϩ to bridge the P␣ and P␤ of ADP is fulfilled by the N atom of Lys-18 (164) . Simple replacement of Asp-206 with Lys in Hsc70 abolishes the M ϩ requirement and structurally substitutes for K ϩ . However, the mutant enzyme only has 5% of the activity of wild-type (353 Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and two K ϩ (yellow sphere) in tandem with Mg 2ϩ (green sphere). As for pyruvate kinase (see Fig. 16 ), K ϩ provides optimal electrostatic coupling for the phosphate moiety of substrate and optimizes the register for docking in the enzyme active site and formation of the transition state. The function is assisted by a divalent cation, Mg 2ϩ in this case, whose likely function is formation of a ␤,␥-bidentate complex with ATP favoring nucleophilic attack on the P␥. this enzyme. Pyridoxal kinase is a member of the ribokinase superfamily involved in the ATP-dependent phosphorylation of pyridoxal to provide pyridoxal-5Ј-phosphate (PLP), a widely used coenzyme. The enzyme requires K ϩ and Zn 2ϩ as absolute cofactors (184) , and the crystal structure bound to ATP has revealed the molecular basis of the activation (190) . Again, the K ϩ assists formation of the enzyme-substrate complex through interactions with a negatively charged phosphate moiety. All of the above examples demonstrate the vital role M ϩ , particularly K ϩ , play in enzyme-catalyzed reactions involving phosphate groups. Notably, the dynamic nature of the interaction with the M ϩ in addition to electrostatic factors enable efficient catalysis. Furthermore, this highly similar role for the M ϩ has evolved within multiple protein folds.
D. K ؉ -Activated Type II Enzymes
Some kinases are type II activated enzymes as the K ϩ does not directly contact ATP. In this case, K ϩ exerts its influence by perturbing the conformation of active site residues. Ribokinase (7) breaks the K ϩ -Mg 2ϩ tandem by embracing the M ϩ in a ␤-turn adjacent to the active site. The enzyme catalyzes the phosphorylation of ribose using ATP and Mg 2ϩ , with the ancillary requirement of K ϩ . Unlike other carbohydrate kinases and the examples dealt with above, ribokinase is also activated by Cs ϩ to an extent comparable to K ϩ , but not at all by Na ϩ or Li ϩ (7). Ribokinase is a homodimer with each subunit composed of two domains, a larger domain providing most of the binding interactions for substrate and a smaller domain that provides the dimer interface and a lid for the ribose. The crystal structure of ribokinase bound to Cs ϩ reveals an unexpected architecture of the M ϩ binding site which completely sequesters the cation from solvent and contact with substrate (Fig. 19) . Cs ϩ is coordinated by five carbonyl O atoms from residues Asp-249, Ile-251, Ala-285, Arg-288, and Gly-290, the carboxylate of Asp-294, and the O␥ of Ser-294. The 249 -251 turn contributing to the Cs ϩ coordination shell separates the M ϩ from the nucleotide. Essentially the same architecture has been observed for the K ϩ binding site of aminoimidazole riboside kinase (373) . Although a structure of the apo form is not available, it has been proposed that binding of K ϩ alters the conformation of the 249 -251 sequence. In turn, the architecture of backbone N atoms of residues 252-255 are positioned for interactions with the phosphate moiety of the nucleotide and at the end of which resides the catalytic Asp-255.
MutL is similarly activated by Na (52) , stabilizes the quaternary structure (87) . The BCKD catalytic machine is a member of the highly conserved mitochondrial ␣-ketoacid dehydrogenase complexes including the BCKD complex (BCKDC), the pyruvate dehydrogenase complex (PDC), and the ␣-ketoglutarate dehydrogenase complex (277) . The BCKDC contains multiple copies of BCKD, as well as a dihydrolipoyl transacylase, the BCKD kinase and phosphatase. Activity of BCKD and BCKDC is completely shut off by phosphorylation of Ser-292, which results in an order-disorder transition in the phosphorylation loop of BCKD (360) . BCKD is a thiamine diphosphate-dependent enzyme and is arranged as a ␣ 2 ␤ 2 -heterotetramer (87 Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and Cs ϩ (yellow sphere) that plays a functional role analogous to K ϩ . The M ϩ binding site completely sequesters the M ϩ from solvent and contact with substrate, the ATP analog phosphomethylphosphonic acid adenylate ester (ACP).
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ϩ AND K ϩ IN ENZYME FUNCTION utilizes the entire repertoire of K ϩ binding sites found in BCKD (87) and its kinase (197) . The crystal structure of BCKD bound to ThDP shows two K ϩ binding sites in crucial positions (Fig. 21) . One is located within the 160-loop of the ␣-subunit that stabilizes cofactor binding and may explain the role of K ϩ in enzyme activation. A naturally occurring mutation, T166M, has been linked to severe maple syrup urine disease and may cause disruption of this K ϩ binding site with a resulting inability to bind the cofactor in a proper conformation for activity. The second site is in the ␤-subunit and stabilizes contacts within the ␣␤-dimer interface, explaining the role of K ϩ in maintaining the tetrameric structure of BCKD (87) . This second site is also found in pyruvate dehydrogenase, where the role of K ϩ in site 1 is constitutively replaced by a pair of H-bonds (52) . It is obvious from the architecture of site 1 that K ϩ does not contact the cofactor or substrate and therefore acts allosterically on enzyme activity.
Dialkylglycine decarboxylase is a PLP-dependent enzyme endowed with both decarboxylation and transamination activities. Activity of this enzyme depends on K ϩ , with Li ϩ , Na ϩ , or Cs ϩ displaying at most 5% of the total activity in K ϩ (147) . The enzyme is a tetramer composed of four identical subunits. Each monomer contains a PLP binding domain, an NH 2 -terminal domain, and a COOHterminal domain. Active sites in the tetramer are close to each other and formed from residues contributed by both monomers in a tightly assembled dimer. The resulting tetramer is formed by two such dimers associated symmetrically. Crystal structures of the enzyme solved in the presence of K ϩ and Na ϩ , with PLP bound to the active site, have revealed the mechanism through which the enzyme utilizes K ϩ for activation (324, 325) . Fig. 18 ) and ribokinase (see Fig. 20 ) that evolved a complete separation of K ϩ from ATP. Substrate is the ATP analog phosphoaminophosphonic acid adenylate ester (ANP). The A100P replacement converts MutL into a Na ϩ -specific enzyme with Na ϩ bound like K ϩ in BCKD kinase (see Fig. 18 ). Hence, MutL is a borderline type II enzyme that can easily convert into a type I enzyme as other GHKL ATPases.
FIG. 21. Structural basis of type II K
ϩ activation of BCKD (1DTW, see also Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), K ϩ (yellow sphere), and Mg 2ϩ (green sphere). Of the two K ϩ binding sites of BCKD, one controls binding of thiamine diphosphate (ThDP). A naturally occurring mutation, T166M, has been linked to severe maple syrup urine disease and may cause disruption of this K ϩ binding site with a resulting inability to bind the cofactor in a proper conformation for activity. Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and K ϩ (yellow sphere). Dialkylglycine decarboxylase is a pyridoxal phosphate (PLP)-dependent enzyme endowed with both decarboxylation and transamination activities. The enzyme is a beautiful example of M ϩ -dependent molecular switch. When Na ϩ replaces K ϩ in the site, the contribution from Thr-303 and Ser-80 is lost, the O␥ of Ser-80 repositions itself and clashes with the phenyl ring of Tyr-301 that adopts a new conformation incompatible with substrate binding. (363) . Similar effects of K ϩ have been observed in the structures of the highly homologous PLP-dependent enzymes tryptophanase and tyrosinase, for which K ϩ is absolutely required for activity and Na ϩ acts as a poor activator (146, 317) . As for dialkylglycine decarboxylase and Ser dehydratase, the K ϩ binding site makes no contact with substrate or PLP but helps organize proper architecture of the binding site (156, 316) . tandem. Fructose-1,6-biphosphate aldolase (125) and tagatose-1,6-bisphosphate aldolase (124) apply a similar strategy observed in K ϩ -activated type I kinases where substrate complexation is assisted by the M ϩ . However, in these enzymes a pairing of Na ϩ -Zn 2ϩ is present rather than the typical configuration of K ϩ -Mg 2ϩ . Zn 2ϩ is the catalytic agent in class II aldolases. In contrast, class I aldolases are metal-independent through application of a Schiff base forming Lys active site residue, and no M ϩ -activated members have been noted. Notably, tagatose-1,6-bisphosphate is unique as the coordination shell involves a cation-interaction.
E. Na
␤-Galactosidase hydrolyzes lactose to galactose and glucose. The enzyme is the gene product of the lacZ operon in E. coli and occupies a prominent place in the history of molecular biology (162) . Enzyme activity is greatly influenced by Mg 2ϩ and enhanced by Na ϩ or K ϩ , an effect discovered by Cohn and Monod in 1951 (53) . Recent structural work has elucidated in exquisite detail the role of metal ions in the mechanism of ␤-galactosidase activity (161, 162) . The interplay between Na ϩ and Mg 2ϩ differs from the partnership observed in kinases. Na ϩ directly contacts the galactosyl 6-hydroxyl, and Mg 2ϩ binds distal to the substrate (Fig. 23) . Three protein atoms and two water molecules coordinate Na ϩ in the free enzyme, and lactose binding replaces one of the water molecules in the coordination shell. Change in the Na ϩ coordination triggers a conformational transition of the 794 -804 loop linked to the repositioning of Phe-601, one of the Na ϩ ligands, induced by substrate binding.
F. Na ؉ -Activated Type II Enzymes
Among enzymes involving PLP-mediated catalysis, Trp synthase has been studied in great detail both structurally and kinetically. Trp synthase is an ␣ 2 ␤ 2 -tetramer with the subunits arranged in a linear ␣␤␤␣ fashion. The ␣-subunit catalyzes cleavage of IGP to G3P and indole, which is then tunneled to a neighboring ␤-subunit that catalyzes condensation of indole with L-Ser to give L-Trp (356, 357) . The enzyme requires Na ϩ or K ϩ for optimal catalysis (254, 356, 357) . Both ground and transition states of the enzyme are influenced by M ϩ binding (354 -357) . M ϩ coordination increases catalytic activity 30-fold by changing distribution of the various intermediates along the kinetic pathway (effect on the ground state) and enhancing the rate of catalytic conversion (effect on the transition state). Crystal structures of Trp synthase bound to Na ϩ or K ϩ show that the M ϩ does not contact substrate or PLP (Fig. 24) , in agreement with the lack of absolute requirement for catalysis, and binds the ␤-subunit near the tunnel which shuttles the indole for complexation with L-Ser (281) . Allosteric communication between subunits occurs through a set of interactions at the dimer interface, ensuring coordination of the reactions taking place at both active sites. Presence of M ϩ influences the nature of these interactions including the salt bridge between Asp-56 in the ␣-subunit and Lys-167 in the ␤-subunit, which is critical for allosteric communication. When   FIG. 23 . Structural basis of type I Na ϩ activation of ␤-galactosidase (1JYN, see also Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), Na ϩ (yellow sphere), and Mg 2ϩ (green sphere). The interplay between Na ϩ and Mg 2ϩ differs from the partnership observed in kinases. Na ϩ directly contacts the galactosyl 6-hydroxyl, and Mg 2ϩ binds distal to the substrate.
ROLE OF NA ϩ AND K ϩ IN ENZYME FUNCTION Na ϩ is bound, Asp-305 in the ␤-subunit exists in two orientations, one forming an ion pair with Lys-167 and the other rotated away from this residue. In the K ϩ structure, Lys-167 is flipped 180°and forms an ion pair with Asp-56 in the ␣-subunit, thereby establishing a critical communication within the ␣␤-dimer. Changes are propagated to the tunnel partially blocked by residues Phe-280 and Tyr-279 in the Na ϩ form and more open in the K ϩ form. A further testimony to the long-range allosteric communication in Trp synthase comes from the structural observation that binding to the active site in the ␣-subunit can displace Na ϩ from its site in the ␤-subunit (349). In clotting proteases, the allosteric effect of Na ϩ arises from optimization of substrate recognition and subtle conformational changes affecting the catalytic machinery. Na ϩ binds to thrombin close to the primary specificity pocket and orients the critical Asp-189 for correct engagement of the substrate Arg side chain (Fig. 25) . Therefore, Na ϩ binding directly influences a critical enzyme-substrate interaction found in all trypsin-like enzymes. Furthermore, long-range effects induced by Na ϩ binding propagate through a network of buried water molecules that connects up to the catalytic Ser-195 some 15 Å away (262) . A similar architecture of Na ϩ recognition is observed in clotting factor Xa yet does not involve the extensive water connectivity between the Na ϩ site and catalytic machinery (291) . A detailed discussion of the role of Na ϩ in clotting proteases and implications for evolution of the family is given in section IV.
G. Other Examples of M ؉ Activation
Inspection of the RCSB PDB database of molecular structures identifies many enzymes with a bound M ϩ whose effect has not been investigated. Complexes involving Na ϩ are most abundant (Ͼ1,100), with fewer structures containing K ϩ (Ͼ400). Other M ϩ are far less represented with only 10 -50 structures reported. Caution must be taken when visually inspecting structures in the database as many ions are the result of crystallization conditions and not indicative of catalytic relevance. Numerous ions are modeled on the sole basis of electron density and have poor geometry. Moreover, low-resolution models may contain cations but not water molecules, and hence may confuse the viewer. Binding sites on the surface of proteins are common and are likely to play no role in enzyme catalysis, yet may influence stability. Notably, the number of water molecules compared with protein O atoms in the coordination shell of M ϩ is not a good indicator of site validity. Valence and bond geometry must be considered (discussed in sect. IIIB). For a large number of enzymes, the link between structural and functional evidence of M ϩ activation is less compelling than in the cases listed in Table 5 . However, these enzymes deserve attention because future investigation may resolve some of the outstanding issues about the mechanism and extent of M ϩ activation. In certain instances, M ϩ are found close to the catalytic residues of the enzyme, but their influence has not been addressed or shows a minimal kinetic effect. Inosine monophosphate dehydrogenase is a NAD ϩ -dependent enzyme that catalyzes the rate-limiting step in guanine nucleotide biosynthesis. The enzyme is activated by K ϩ , with an affinity of 12 mM, although the requirement is not absolute (106) . The crystal structure of the enzyme from Chinese hamster reveals the presence of a K ϩ binding site almost on the surface of the molecule, but with K ϩ in contact with the carbonyl O atom of the catalytic residue Cys-331 (301 Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and Na ϩ (yellow sphere). Na ϩ does not contact substrate or PLP and binds the ␤-subunit near the tunnel which shuttles the indole for complexation with L-Ser.
FIG. 25. Structural basis of type II Na
ϩ activation of thrombin (1SFQ, see also Table 5 ). Shown are substrate (CPK, C in yellow), relevant residues (CPK, C in cyan), and Na ϩ (yellow sphere). Na Tritrichomonas foetus have identified an additional K ϩ binding site near the NAD ϩ binding site at the dimer interface (106, 273, 274) . In both cases, K ϩ does not contact the substrate or cofactor, which could explain the lack of absolute requirement for catalysis. Most likely, K ϩ acts as an allosteric effector (type II activation) in this system by modulating the conformation of the active site Cys-331 and the NAD ϩ binding site, but further studies seem necessary to sort out the role of each K ϩ binding site in this enzyme. Similarly, the recent structure of the Smurf2 ubiquitin ligase HECT domain identifies Na ϩ bound adjacent to the catalytic Cys-746 but with poor geometry (238) . Structural roles for M ϩ complexation are also readily apparent.
Crystal structures of several enzymes demonstrate M ϩ binding at the interface between dimers or stabilizing other structural elements. In the case of uridine phosphorylase, a K ϩ is found at the dimer interface, but a twofold enhancement of catalytic activity is not compelling (43) . Likewise, the structure of a bifunctional transformylase/cyclohydrolase enzyme documents a role for K ϩ not convincingly matched by functional data (116) . Structural roles for a bound Na ϩ are also likely in D-ribose-5-phosphate isomerase from Pyrococcus horikoshii (155), 1-pyrroline-5-carboxylate reductase from Streptococcus pyogenes (233) , and a mutated member of the C-type animal lectin family (171) . Structures of lysozyme (104) , rhodanese (193) , and aldehyde dehydrogenase (255) with documented M ϩ are not matched by kinetic or functional effects. Kex2 is a highly selective, Ca 2ϩ -dependent transmembrane protease of the subtilisin family involved in the processing of neuropeptides, hormones, coagulation and growth factors. The enzyme is influenced by K ϩ in a biphasic manner, with activation at concentrations Ͻ1 M followed by inhibition at higher concentrations (285) . Three K ϩ binding sites are observed in the crystal structure of Kex2 along with three Ca 2ϩ sites (148) . However, none of the three K ϩ sites seems to be involved in the kinetic effect, and the activation of Kex2 by K ϩ remains unresolved at the molecular level. An interesting dual role of K ϩ as enzyme activator and thermostabilizing agent is observed in the archaea Methanosarcina kandleri. The formyltransferase from this archaea requires high concentrations of K ϩ for activity and thermostability (204) . The requirement is consistent with the high (Ͼ1 M) concentration of cyclic 2,3-diphosphoglycerate K ϩ in the cytoplasm. Salt drives a monomerdimer-tetramer equilibrium where only the dimer is active and tetramer thermostable.
Novel constellations of M ϩ and M 2ϩ have also been reported with unclear effects. Amylases catalyze the hydrolysis of glycosidic bonds. In addition to an absolute requirement for Ca 2ϩ , some members of this class of enzymes feature activation by M ϩ (235). The crystal structure of ␣-amylase from Bacillus licheniformis has documented the presence of an unusual Ca 2ϩ -Na ϩ -Ca 2ϩ triad that stabilizes the folding of the active site region without making contact with substrate (198, 199) . The role of Na ϩ in such triad is uncertain given the modest effect on catalytic activity. The structure of ␣-amylase AmyK38 from another Bacillus strain shows three Na ϩ sites, consistent with the lack of Ca 2ϩ requirement of this enzyme (235) . The Na ϩ effect is more significant, although it is reproduced by Li ϩ and K ϩ which calls into question its specificity. Likewise, hemopexin domains from various enzymes have been crystallized with a novel linear arrangement of two to three M ϩ or M 2ϩ located at the center of the four-bladed propeller characteristic of this domain. In gelatinase A, a Na ϩ -Ca 2ϩ tandem is found (222), whereas in human promatrix metalloprotease-1, an additional Cl Ϫ anion is included (158) . In the free and heme-bound form of hemopexin, two Na ϩ and one Cl Ϫ are suggested in a similar position (246) . Although unclear, it is surprising to find such similarity in structural models from disparate proteins.
Other distantly related homologs demonstrate similarity in identified binding sites with no role noted for M ϩ . Homoserine dehydrogenase (66) reveals a Na ϩ binding site that has been suggested to be important for enzyme activity, but further functional studies are necessary. This enzyme belongs to the large superfamily of proteins containing the NAD(P)-binding Rossmann-fold domain. Remarkably, other enzymes in this family have an identified Na ϩ binding site including an archaeal Ala dehydrogenase (105), rhodococcal L-Phe dehydrogenase (34, 330) , malic enzyme from pigeon liver (371) , and ornithine cyclodeaminase (114) . Similarly, human mitochondrial aldehyde dehydrogenase binds Na ϩ separated from the NAD ϩ by a single stretch of protein residue on a different polypeptide fold (255) . Many common metabolic intermediates and cofactors have also interwoven over evolutionary time with M ϩ playing a potential role. A hyperthermophilic aldehyde ferredoxin oxidoreductase from Pyrococcus furiosus (48) is an all ␣ protein where Na ϩ coordinates the tungstopterin cofactor through extensive contacts including one of the phosphate moieties. Coenzyme A is coordinated by Na ϩ in the Esa1 histone acetyltransferase from yeast (367) . Moreover, Na ϩ sites have been identified in other histone-modifying enzymes such as human HDAC8 (305) .
These findings demonstrate how readily a protein scaffold can incorporate M ϩ to optimize structure or function. Despite the ease at which such sites evolve, there remains difficulty in linking these binding sites to functional significance. In particular, many of the above enzymes lack convenient assays that can conclusively identify a functional role. Moreover, issues may arise as many proteins do not respond well to ionic concentrations greatly exceeding that of their natural habitat. Proteolytic enzymes have provided a wealth of information ROLE OF NA ϩ AND K ϩ IN ENZYME FUNCTION on the energetic influences of M ϩ coordination. Notably, these studies have combined kinetic analysis using different chromogenic and fluorogenic oligopeptide substrates in combination with a plethora of small molecule inhibitors and comparatively investigated through biophysical techniques.
IV. Na

؉ -ACTIVATED PROTEOLYTIC ENZYMES
Among M ϩ -activated enzymes, chymotrypsin-like proteases deserve special mention in view of the very important role played by Na ϩ binding in their function and evolution (72, 176) . This large family of enzymes catalyzes the hydrolytic cleavage of peptide bonds to facilitate diverse physiological and cellular functions. Over 2,000 proteases are included in the S1A family of peptidases, and they are most abundant within the animal kingdom (276) . A catalytic triad of residues acts to yield a Ser that engages the substrate through nucleophilic attack followed by hydrolysis (137) . The majority of S1A family members are trypsin-like enzymes that cleave polypeptide chains on the COOH-terminal side of Arg or Lys residues. Schecter and Berger (292) nomenclature terms this residue the P1 or primary "peptide" residue. Substrate residues on the NH 2 -terminal side of the scissile bond are termed P2, P3, and so forth, and residues on the COOH terminus are deemed P1Ј, P2Ј, and onward. Substrate binding pockets, or "subsites," on the enzyme are labeled S and then according to the substrate residue they bind. For example, the P4 substrate residue is bound in the S4 pocket of the enzyme. Much effort has been placed on understanding mechanisms of regulation and substrate selectivity within this large family of enzymes (13, 133, 328) . The primary specificity pocket (S1 site) plays a dominant role in trypsin-catalyzed reactions. However, the large surface area involved in formation of the enzymesubstrate complex has allowed multiple routes for allosteric regulation to evolve in various trypsin-like proteases to meet biological requirements. Na ϩ coordination near the S1 binding pocket activates a select few trypsin-like enzymes, and binding is allosterically linked with distant and distinct regions on the protease surface.
Two ␤-barrels lie perpendicular to one another in addition to a COOH-terminal ␣-helix to comprise the chymotrypsin fold and form the basic unit of a number of key physiological processes (Fig. 26A) . Catalytic residues (His-57, Asp-102, and Ser-195) are present in both ␤-barrels as well as two hot spots involved in protein-protein and protein-glycosaminoglycan interactions. These additional sites of interaction are termed exosite I and II and are well characterized in coagulation proteases (178) , but sparingly in other members of the family. Each ␤-barrel bears functional symmetry, where one end is catalytic and the other regulatory (244) . Most trypsin-like enzymes also possess a Ca 2ϩ binding site adjacent to exosite I. Allosteric relationships between exosites, Na ϩ site, Ca 2ϩ sites, active site, and catalytic triad vary within the family and provide the underlying mechanisms for complex pathways to evolve (Fig. 26B) . For example, sequential activation of zymogen protease precursors mediates digestion (343) , immune responses (35) , developmental patterning (49), blood coagulation (205) , and fibrinolysis (15) . Blood coagulation proteases are unique among these examples as they present a plethora of allosteric relationships within the catalytic domain in conjunction with associated protein interacting domains (EGF, kringle) and protein cofactor enhancement. Further localization to a phospholipid surface adds another level of rate enhancement through apparent increases in concentrations. Delineation of the allosteric mechanisms within clotting proteases is further complicated by the evolutionary demand for a rapid and controlled process, two features that are rarely found together in other trypsinlike enzymes. FIG . 26 . Overview of S1A peptidases. A: two ␤-barrels comprise the overall fold with the Na ϩ and Ca 2ϩ binding sites found on different barrels. B: known relationships between cation and protein (exosites I and II) binding sites facilitate the rapid and controlled blood coagulation. The schematic representation superimposes on the cartoon model of the structure. The Na ϩ site lies immediately adjacent to Asp-189 in the S1 pocket of the enzyme and establishes a direct link with substrate. Furthermore, Na ϩ binding influences the extended binding site of the enzyme.
A. Coagulation Factors IXa, Xa, and Activated Protein C
In coagulation proteases, Na ϩ binding yields several thermodynamic consequences. All members of the vitamin K-dependent family of clotting proteases, to which thrombin belongs, are endowed with type II Na ϩ activation (62) . As for thrombin (241, 348) , the activity of activated protein C (aPC) (293, 309 -312) as well as coagulation factors VIIa (FVIIa) (258), IXa (FIXa) (294) , and Xa (FXa) (220, 240, 279) is enhanced significantly by the presence of Na ϩ . In aPC, FXa, and FIXa, Na ϩ binding directly acts on the S1 pocket through local stabilization of the site and potentially influences the pK a of Asp-189. There is no evidence of Na ϩ bound to the currently available structures of aPC, FVIIa, and FIXa, although models of the Na ϩ binding environment have been proposed (293, 294, 300) . The coordination shell of the bound Na ϩ is well defined in the 1.64 Å structure of FXa complexed with a small molecule inhibitor (291) . There are six ligands in the coordination shell with one water molecule bridging Na ϩ to Asp-189 (Fig. 27) . Notably, bond distances of this bridging water molecule are the longest interactions. Fluctuation of Na ϩ and/or the bridging water from their observed positions closer to the carboxyl group may act to attenuate the pK a of Asp-189. A transient increase in pK a could assist substrate dissociation. Na ϩ binding stabilizes the extended S4 binding pocket of coagulation proteases through a series of interactions that run underneath the active site and contribute to the hydrophobicity of the primary specificity pocket (300) . Recently, we demonstrated that introduction of the Na ϩ activation mechanism into a digestive trypsin-like enzyme required removal of a buried hydrophobic residue, Tyr-172. Further optimization of the H-bonding network of this buried water network enhanced the effect of Na ϩ catalytic rate enhancement (245) . These results suggest an entropic effect is involved in Na ϩ activation. Destabilization of the enzyme structure due to loose packing is reconstituted in part through M ϩ complexation. Dramatic conformational rearrangements are a vital feature of the entire family. For example, activity of every S1 peptidase is controlled by zymogen activation via sitespecific proteolysis (231) . Carbamylation studies have shown that the critical NH 2 -terminal residue that defines the active state of the enzyme is more accessible in FXa and FIXa in the absence of Na ϩ (293, 294, 329) . In thrombin, there is a strong linkage between the protonation of the NH 2 terminus and Na ϩ binding, demonstrating a role for Na ϩ in stabilization of the fold (118). Thermal and chemical denaturation studies also suggest a more rigid structure in the presence of Na ϩ (64). Importantly, abrogation of Na ϩ binding in FXa, FIXa, and aPC through site-directed mutagenesis influences activity of the enzyme in solution, yet these effects are fully restored by complexation with their natural cofactor (41, 294) .
B. Thrombin Allostery
Thrombin is the pivotal member of the blood coagulation cascade and fulfills procoagulant and anticoagulant functions (61, 348) . In vivo, thrombin switches from a procoagulant to an anticoagulant enzyme upon binding to thrombomodulin, a receptor on the surface of endothelial cells (85) . Thrombomodulin binds to exosite I of thrombin (261) and precludes binding of fibrinogen and the thrombin receptor PAR1. The thrombin-thrombomodulin complex provides an optimal docking surface for the productive diffusion of protein C into the active site (361) . Unlike other coagulation proteases, the effect of Na ϩ on thrombin function has clear and profound physiological implications. Na ϩ significantly enhances cleavage of the procoagulant substrates fibrinogen and PAR1, but has no effect on the activation of the anticoagulant substrate protein C (61, 63) . Na ϩ also enhances activation of factors V (227), VIII (234) , and XI (372) . Hence, the Na ϩ -bound form of thrombin is responsible for the procoagulant, prothrombotic, and signaling functions of the enzyme. The Na ϩ -free form, on the other hand, is anticoagulant because it retains normal activity toward protein C but is unable to promote physiologically acceptable cleavage of fibrinogen or PAR1. The degree of Na ϩ saturation of thrombin dictates the procoagulant or anticoagulant fate (118, 122, 348) , and thrombin is 60% bound to Na ϩ . This feature makes thrombin ideally poised for allosteric regulation in vivo, perhaps by molecules that remain to be identified (183) . Destabilization of Na ϩ binding to thrombin invariably results in an anticoagulant effect. Naturally occurring mutations in prothrombin Frankfurt (65), Salakta (218), Greenville (142), Scranton (315), Copenhagen (308) , and Saint Denis (288) affect residues important for Na ϩ recognition and often cause bleeding. Engineered thrombin molecules defective for Na ϩ binding produce significant anticoagulant responses both in vitro (42, 63, 327) and in vivo (111, 119, 120) . Changes in the Na ϩ concentration of plasma resulting in hypernatremia ([Na ϩ ] Ͼ145 mM) or hyponatremia ([Na ϩ ] Ͻ135 mM) are among the most common electrolyte disorders encountered by primary care providers, nephrologists, and pediatricians (1, 2) and are often associated with thrombosis or bleeding, respectively (71, 115) . The Na ϩ concentration of plasma has been reported to drop drastically and reversibly around platelet thrombi in vivo (242) , suggesting that under certain conditions Na ϩ may directly regulate the activity of thrombin in the microenvironment of blood vessels.
Kinetic signatures of Na ϩ activation in thrombin obey the allosteric scheme 1 and follow type II activation. When values of s and k cat for the hydrolysis of a small chromogenic substrate are measured as a function of [Na ϩ ], significant hyperbolic increases are observed (Fig.  28 ). An important feature of this effect is that s and k cat have low but finite values at [Na ϩ ] ϭ 0, regardless of whether the experiment is run at constant ionic strength (37) or not (45) . Thrombin has significant activity even at an ionic strength of I ϭ 0 M (45). This property immediately rules out type I activation. The strong dependence of k cat on [Na ϩ ] also proves the existence of two alternative conformations in equilibrium with finite catalytic activity (45) , an important condition first noted by Botts and Morales in their general theory of enzyme modifiers (28) .
Hence, Na ϩ activation of thrombin cannot be explained in terms of an equilibrium between an active and inactive conformations, with Na ϩ pulling the equilibrium in favor of the active form, as recently suggested (157) . Such an active-inactive equilibrium model predicts a k cat independent of [Na ϩ ], which is inconsistent with more than 20 years of enzymatic studies (45, 241, 348 ) (see also Fig. 28 ). Earlier kinetic data have suggested the existence of inactive forms of thrombin (183) , that can be readily incorporated into an extension of scheme 1 (45) , but their population is minuscule compared with the active conformations of the enzyme and are unlikely to play any physiological role (45) .
Dissection of the Michaelis-Menten parameters in terms of the underlying kinetic rate constants in scheme 1 shows that Na ϩ promotes substrate binding (higher k 1 , lower K m ) and substrate hydrolysis (higher k 2 , higher k cat ) (177) . Binding of Na ϩ optimizes both substrate binding and catalysis to influence the enzyme in both the ground and transition state. Measurements of s in the presence of different M ϩ , at the same ionic strength, reveal that thrombin is activated preferentially by Na ϩ (Fig. 11 ) and that this preference is also seen in the equilibrium binding properties of the enzyme (267) . The structure of thrombin has therefore been optimized for preferential binding of Na ϩ and for allosteric transduction of Na ϩ binding into enhanced catalytic activity. M ϩ selectivity seen in thrombin and other M ϩ -activated enzymes is reminiscent of that featured by ion channels. It is therefore remarkable that such selectivity can be redesigned by rational engineering. Thrombin can be converted into a K ϩ -specific or Li ϩ -specific enzyme by site-directed mutagenesis (267, 268) (Fig. 29) . Thermodynamic signatures of Na ϩ binding are noteworthy. Ionic strength dependence of Na ϩ binding to thrombin shows only a small effect, but temperature-dependence studies show a marked curvature in the vanЈt Hoff plot conducive to a large and negative heatcapacity change (122, 268) . This peculiar temperature dependence is also observed for K ϩ binding to thrombin (268) and for Na ϩ binding to aPC (118) . Table 4 for type II* activation, with best-fit parameter values as follows: (data at left) s 0 ϭ 2.
. Also shown is the contribution of the expansion term in Eq. 6 (red line, left) calculated from the reported values of kinetic rate constants (177) . This term contributes at most a 3% correction at low [Na ϩ ].
Site-directed mutagenesis and structural studies have provided insight into the molecular origin of Na ϩ activation (262) . Na ϩ binding in thrombin occurs in close proximity to the primary specificity pocket of the enzyme between the 220 and 186 loops that contribute to substrate specificity in serine proteases (Fig. 30) (137, 256, 257) . The bound Na ϩ is octahedrally coordinated by two backbone O atoms from the protein residues Arg-221a and Lys-224 and four buried water molecules anchored to the side chains of Asp-189, Asp-221, and the backbone atoms of Gly-223 and Tyr-184a. In contrast, Na ϩ binding sites of FXa (291) and aPC (293) are similarly located and arranged structurally yet involve four ligands from the polypeptide backbone and two water molecules. Extensive Ala-scanning mutagenesis of thrombin has revealed the allosteric core of residues energetically linked to Na ϩ binding (262) . Practically all residues of the allosteric core cluster around the Na ϩ site. Na ϩ binding is severely compromised (Ͼ30-fold increase in K d ) upon mutation of Asp-189, Glu-217, Asp-222, and Tyr-225 that reside within 5 Å from the bound Na ϩ . Asp-189 assists the orientation of one of the four water molecules ligating Na ϩ and provides an important link between the Na ϩ site and the P1 residue of substrate (267) . Glu-217 makes polar contacts with Lys-224 and Thr-172 that help stabilize the intervening 220 loop in the Na ϩ site. The ion pair between Arg-187 and Asp-222 latches the 186 loop onto the 220 loop to stabilize the Na ϩ site and the pore of entry of the cation to its binding site (262) . Tyr-225 plays a crucial role in determining the Na ϩ -dependent allosteric nature of serine proteases (62) by allowing the correct orientation of the backbone O atom of residue 224 (121) , which contributes to the coordination of Na ϩ . The side chain of Tyr-225 also secures the integrity of the water channel surrounding the primary specificity pocket required for correct substrate recognition (121) , and the backbone around Tyr-225 is oriented like the selectivity filter of the K ϩ channel (70, 79) (see Fig. 9 ). The allosteric core is assisted by another set of residues whose Ala substitution affects Na ϩ binding Ͼ10-fold. These residues are Thr-172, Tyr-184a, Arg-187, Ser-214, and Gly-223 and, together with the residues of the allosteric core, link the Na ϩ binding site to the S3-S4 specificity pocket and the S1 specificity site. Ala-scanning mutagenesis of thrombin also revealed residues important for allosteric transduction. Asp-189 and Asp-221 are key residues promoting substrate binding to the Na ϩ -bound form and hence allosteric transduction. Asp-189 is part of the allosteric core and defines the primary specificity of the enzyme by directly coordinating the guanidinium group of Arg at P1 of substrate. Asp-221 is a crucial component of the Na ϩ binding site, with its side chain anchoring one of the four water molecules ligating Na ϩ and also H-bonding to Asp-189. Mutation of Asp-221 does not affect Na ϩ binding, but almost abrogates the Na ϩ -induced enhancement of substrate hydrolysis or the preferential recognition of inhibitors (213) .
Mutagenesis of the allosteric core suggests that binding of Na ϩ to thrombin influences residues in the immediate proximity to the cation binding site, namely, Asp-189, Glu-217, Asp-222, and Tyr-225. Other residues making contact with the ligating water molecules in the coordination shell are Tyr-184a, Asp-221, and Gly-223, and their mutation to Ala reduces Na ϩ binding Ͼ10-fold (Tyr-184a, Gly-223), or affects the allosteric transduction of this event into enhanced catalytic activity (Asp-221). Available structures of the Na ϩ -free and Na ϩ -bound forms of thrombin have largely confirmed the role of these important residues (262) and are highly similar overall, but there are five notable differences that help explain several kinetic and thermodynamic signatures of Na ϩ binding to thrombin. These differences influence the following (Fig.  30 ): 1) ion pairing of Arg-187:Asp-222, 2) orientation of Asp-189 in the primary specificity pocket, 3) conformation of Glu-192 at the entrance of the active site, 4) orientation of the catalytic Ser-195, and 5) architecture of the water network spanning Ͼ20 Å from the Na ϩ site to the active site. A change in the conformation of the pore of entry to the Na ϩ binding site is also observed between the two forms, with the pore shrinking upon Na ϩ binding. Such local interactions propagate throughout the protein structure and are clearly observed in the K ϩ -bound form of the enzyme. Thrombin coordination of K ϩ produces a reduced enzyme activation compared with Na ϩ because of rearrangement of the disulfide bond between Cys-191 and Cys-220. In turn, these changes disrupt the oxyanion hole leading to lower k cat for substrate hydrolysis (45) .
Electrostatic interaction between Arg-187:Asp-222 connects the 220 and 186 loops that define the Na ϩ site. Asp-222 belongs to the allosteric core, and the mutant D222A has drastically impaired Na ϩ binding, a property mirrored to a smaller extent by the R187A mutant. The ion pair breaks when Na ϩ is released, bringing about a concomitant shift in the backbone O atom of Arg-221a that directly coordinates Na ϩ . In the Na ϩ -bound form, Asp-189 is optimally oriented for electrostatic coupling with the P1 Arg residue of substrate, but its orientation changes when Na ϩ is released. The change reduces affinity toward the substrate and offers an explanation for the reduced k 1 observed in the Na ϩ -free form. Structural changes around Asp-189 are also consistent with mutagenesis data as the D189A mutation abrogates most of the allosteric transduction of Na ϩ binding. The side chain of Glu-192 relocates when Na ϩ is released and no longer supports a key water molecule that links the network to the catalytic Ser-195. This residue, in turn, reorients when Na ϩ is released and breaks the H-bond with the catalytic His-57. The energetic cost of realigning Ser-195 for H-bonding with His-57, which is required for the nucleophilic attack of the amide bond of substrate, contributes to the lower k cat in the Na ϩ -free form. In the Na ϩ -bound form of thrombin, relative to the Na ϩ -free form, these residues are in a conformation more prone to interact with substrate and explains why Na ϩ binding optimizes thrombin for its procoagulant, prothrombotic, and signaling functions (61, 71, 72) . Orientation of Glu-192 in the Na ϩ -free form, however, compensates for the deleterious changes around Asp-189 and Ser-195 and reduces the electrostatic clash with the acidic residues at position P3 and P3Ј of protein C. A conformation that retains activity toward protein C explains the intrinsic anticoagulant nature of the Na ϩ -free form of thrombin (61, 71, 72) . Conformational differences of Asp-222, Asp-189, and Ser-195 offer a plausible explanation for the reduced substrate binding and conversion in the Na ϩ -free form. The hallmark of allosteric proteins is the ability to couple structural domains that are separated in space. In throm- . This water molecule is removed in the Na ϩ -free form, causing a reorientation of Glu-192. The connectivity of water molecules in the Na ϩ -free form (green spheres) is further compromised by the lack of Na ϩ and proper anchoring of the side chain of Asp-189. H-bonds are shown by broken lines and refer to the Na ϩ -bound form. The drastic ordering of the water network in the Na ϩ -bound form explains the large heat capacity change linked to Na ϩ binding. Mutation of Glu-192 to Ala abolishes this heat capacity change, lending support to the crucial anchoring role of this residue in the water network. The pore of entry to the Na ϩ binding site is also affected by the conformational transition. The pore is wider in the Na ϩ -free form (B) compared with the Na ϩ -bound form (C) as a result of the shift in the carbonyl O atom of Gly-186c. Residues lining the pore are labeled and colored according to their chemical properties. Mutations in this region of the enzyme result in significant changes in M ϩ specificity (268) . Residue Asp-222 is Lys in murine thrombin. The replacement causes a loss of Na ϩ activation, but retention of high catalytic activity (37) .
bin, communication between the Na ϩ site, Asp-189, and Ser-195 requires a network of linked processes that span more than 20 Å . Remarkably, this network is provided by a cluster of H-bonded water molecules that embed the Na ϩ site, primary specificity pocket, and enzyme active site (Fig. 30) . Na ϩ binding organizes a network of 11 water molecules that connect through H-bonds up to side chain of Ser-195. These water molecules link ␤-strands involving residues [191] [192] [193] [215] [216] [217] [218] [219] , and 225-227, which define the Na ϩ site, walls of the primary specificity pocket, and fine tune substrate docking into the active site. In the Na ϩ -free form, only seven water molecules occupy positions in the network equivalent to those seen in the Na ϩ -bound form, and the connectivity is significantly altered. Change in the number and long-range ordering of water molecules linked to Na ϩ binding offers an explanation for the large and negative heat capacity change measured upon Na ϩ binding to thrombin (118, 122, 268) . The change is likely the result of the formation of water binding sites connecting strands and loops of the Na ϩ site. The network provides the long-range connectivity needed to allosterically communicate information from the Na ϩ site to the active site Ser-195 and to residues involved in substrate recognition, like Asp-189 and Glu-192. Interestingly, the E192A mutation abolishes the heat capacity change linked to Na ϩ binding, providing further support to the anchoring role of Glu-192 to the water network.
C. Na
؉ Binding and the Evolution of Serine Proteases Na ϩ activation of thrombin and related serine proteases has contributed to our understanding of the evolution of these enzymes. Signatures of watershed events linked to evolutionary transitions in protein families can be identified from sequence comparisons and analysis of amino acid occurrences at any given position along the sequence. Evolutionary markers can be defined as dichotomous choices at given amino acid positions mapping to codons that cannot interconvert by single nucleotide mutations (31, 176) . Because of their very nature, such markers identify decisive evolutionary transitions that are best understood after reading the whole section.
Analysis of over 600 sequences of serine proteases of the chymotrypsin family returns codon usage dichotomies only at three positions: residues 195, 214, and 225 (176) . Sequence dichotomies used to categorize chymotrypsin-like proteases are TCN (N ϭ any base) or AGY (Y ϭ C or T) codon usage for the active site nucleophile Ser-195, TCN, or AGY codon usage for the highly conserved Ser-214, which is adjacent to the active site Asp-102 (177) (176) . Profiling selected proteases involved in a number of physiologically relevant processes reveals distinct evolutionary transitions (Table 6 ). Notably, the primordial proteases are engaged in degradative processes, with trypsin, chymotrypsin, and elastase being the best-known examples. In these early enzymes, substrate Proteases are coded by font based on their evolutionary distance from the ancestral Ser-195:TCN/Ser-214:TCN/Pro-225 marker profile as italic (one marker change), bold (two marker changes), or underline (three marker changes). All proteases are human, except developmental that are from fruit fly. Markers are coded by font based on their chronology as italic (ancient) or bold (modern). * Human complement factors B and C2 have an insertion in the 220 region that makes identification of residue 225 ambiguous. Listed are the residues located 12 positions upstream of the highly conserved Trp-237.
ROLE OF NA
ϩ AND K ϩ IN ENZYME FUNCTION selectivity and allosteric regulation are absent, and they fulfill a simple biological niche. Changes in molecular markers start to appear with the developmental proteases of the fruit fly or fibrinolytic proteases. Interestingly, pressure to change residue 225 to a Na ϩ accommodating residue like Tyr or Phe first emerged with developmental proteases. Dorsal-ventral polarity in Drosophila is controlled by a cascade of proteases involving nudel, gastrulation defective (gd), snake, and easter. These proteases generate a concentration gradient of the activated toll ligand spä tzle (49) . Of these proteases, nudel and gd possess Phe or Tyr, whereas snake and easter possess the typical Pro (Table 6 ). It is with the complement system that pressure to mutate the molecular markers becomes conspicuous. Complement appears as an evolutionary battleground for such markers where factors in the alternative pathway retain Pro-225 and factors in the lectin and classical pathways show pressure to introduce Na ϩ binding. It is well known that the alternative pathway predated the lectin and classical pathways (88, 303) . Interestingly, within the deuterostome lineage that gave rise to the vertebrates, the ancestor of complement factor B found in the sea urchin has Tyr-225, with Ser-195:TCN/Ser-214:AGY. It is in the sea urchin, where a primitive complement system only included the ancestors of factor B, C3, and MASP, that evolution started to explore alternative codons for Ser-214 and Na ϩ binding residues like Tyr-225. That trend is revealed in the vertebrates MASPs and the proteases C1r and C1s in the classical pathway. The final stage of transition for the codons is witnessed in the blood coagulation system that evolved as a specialization of the classical pathway of the complement.
Proteases of blood coagulation are clearly split in two evolutionary groups, with FXI and FXII showing a distinct codon usage for Ser-195 and Ser-214 compared with the vitamin K-dependent FVII, FIX, FX, prothrombin, and protein C. FXI and FXII therefore evolved from a different lineage compared with the other clotting factors (249) . However, an important difference in the codon usage of Ser-214 is seen between prothrombin and the other vitamin K-dependent factors. Prothrombin appears more ancestral and of a different evolutionary origin compared with the other vitamin K-dependent factors. Prothrombin possesses kringle domains and not EGF domains, whereas all other vitamin K-dependent clotting proteases carry EGF domains but not kringles. Changes in such auxiliary domains through exon shuffling were quite common during evolution (250), and it is not possible to specify a chronology for such transition. However, we surmise that prothrombin predated all other coagulation factors and was recruited in the coagulation cascade from another system, perhaps involved in immune response. The similarity of marker profiles between prothrombin, MASP-2, C1r, and C1s is particularly striking.
Evolutionary markers trace the origin of Na ϩ binding to serine proteases within the complement system along the deuterostome lineage and within the developmental proteases along the protostome lineage (Table 6 ). Perhaps the need for Na ϩ binding emerged independently during evolution along the two main branches of the animal kingdom (175) . Alternatively, Na ϩ binding might have emerged much earlier, before the protostome-deuterostome split. Indeed, carbonic anhydrase of the halotolerant alga Dunaliella salina carries an added loop for specific Na ϩ binding that confers enhanced halotolerance and stability (269) . The loop closely resembles the Na ϩ binding loop of thrombin (Fig. 31) . Allosteric activation by Na ϩ in serine proteases is likely quite ancient and certainly predated vertebrates and the onset of sophisticated mechanisms of defense, like immunity and blood clotting. Type II activation by Na ϩ may have evolved as a variation of halotolerance, and the Na ϩ binding site morphed from a purely structural determinant of protein stability to a functional component of ligand recognition. The transition could have been triggered by the need to respond to injury caused to the cell and exposure to an extracellular environment rich in Na ϩ , perhaps seawater (see Table 1 ). Activation of a primordial enzyme could have been linked to repair of the injury. The cytoplasm of certain algae undergoes a sol3gel transition at the site of puncture of the cell, as though a Na ϩ -activated intracellular protease were at work (275 31 . Overlay of the Na ϩ binding loops of carbonic anhydrase from Dunaliella salina (1Y7W, cyan, Na ϩ as yellow sphere) and thrombin (1SFQ, brown, Na ϩ as green sphere). The loop defined by the GAQADG 67-72 sequence in the carbonic anhydrase structure overlaps very well with the loop defined by the GCDRDGK 219 -224 sequence in thrombin. The sequence 224 -226 in the thrombin loop that overlaps with the GYG sequence in the K ϩ channel (see Fig. 9 ) is highlighted in yellow.
ities at the molecular level with the determinants of recognition of DNA by proteins.
V. M ؉ AS AGENTS OF STABILITY
M ϩ coordination can stabilize macromolecules at high temperatures or ionic strength. The PDB database currently contains numerous crystal structures of proteins from thermophilic organisms, such as Thermophilus maritima, that possess reasonably well-defined ion binding sites on the basis of resolution, electron density, and ion valence (244, 323) . Little experimental evidence exists to suggest that ion binding in these proteins substantially influences the enzyme-catalyzed reaction. Ion binding may stabilize surface-exposed residues to increase overall thermal stability with little effect or no effect on catalysis. M ϩ binding is noted to enhance the stability of a number of enzymes of mesophilic origin (4, 77) . Insight into halotolerance was recently provided by the crystal structure of a carbonic anhydrase II (dCA II) from Dunaliella salina. dCaII is an extracellular protein that retains function over a wide range of salinities and acts to provide the cell with CO 2 (91) . Like other proteins from halophilic organisms, dCA II presents a uniform negatively charged surface. However, the binding pocket of the catalytic zinc is considerably more electronegative than mesophilic homologs of this enzyme. Extension of one surface-exposed loop hosts Na ϩ in octahedral coordination with six ligands, two backbone carbonyl O atoms, and one Gln side chain (269) . Such binding of a M ϩ with residues from a single surface-exposed loop is rarely observed in other M ϩ -protein complexes (see Fig. 31 for a comparison with thrombin). Examples of M ϩ binding sites are known in many protein folds and suggest simple mimicry through protein engineering may yield increased resistance to saline conditions and/or additional thermal stability in the presence of a bound M ϩ .
VI. PROTEIN ENGINEERING AND MOLECULAR MIMICRY OF M ؉ ACTIVATION
Importance and widespread occurrence of enzymes activated by M ϩ is testimony to the requirement for high catalytic activity under physiological conditions. Recent structural investigation, together with decades of careful kinetic analysis of such enzymes, has contributed a coherent framework on how enzyme activity is enhanced via type I and type II activation (70) . The efficiency of the activation raises the possibility to engineer de novo the mechanism into enzymes devoid of such property or to mimic it by alternative molecular strategies. In either case, substantial advantages can be expected for enzymes involved in key biomedical and biotechnological applications. For example, enhancement of catalytic activity may boost the fibrinolytic efficacy of tissue-type plasminogen activator (338) or other trypsin-like enzymes.
Because the majority of serine proteases are devoid of Na ϩ binding and activation, significant efforts have been devoted to introducing such property into any member of the family. Soon after the structural identification of the first Na ϩ binding site in a serine protease (73) , it became obvious that the single most important difference between proteases activated by Na ϩ and those devoid of such property was due to the nature of residue 225 (62, 121) . Residue 225 is either a Pro or Tyr in the vast majority of serine proteases (62, 176) , and such dichotomous distribution is all the more remarkable because the amino acid codons of Pro and Tyr cannot interconvert by a single nucleotide substitution. Pro is found in more ancestral proteases and practically all chymotrypsin-like proteases. Tyr is found in more modern lineages, such as the complement system and the vitamin K-dependent proteases of blood coagulation (see Table 6 ). Tyr-225 ensures an optimal architecture for Na ϩ binding (121) and is part of a conserved KYG motif that shares striking similarities with the GYG sequence of the selectivity filter in the K ϩ channel (70, 79) . The presence of Pro-225 in proteases like trypsin and chymotrypsin forces the carbonyl O atom of residue 224, one of the Na ϩ ligands, in a direction incompatible with Na ϩ coordination. The Y225P replacement in thrombin (62, 63) , aPC (293) , and coagulation FVIIa (258) and FXa (220) abrogates Na ϩ activation. However, the reverse substitution P225Y in tissue-type plasminogen activator does not result in Na ϩ binding or activation (338) . Hence, Na ϩ binding and activation depend on the nature of residue 225 as a necessary but not sufficient condition, just like the nature of residue 189 in the primary specificity pocket is a necessary but not sufficient condition for enzyme specificity (141) . Mutagenesis studies on thrombin have shown that residues located up to 15 Å away from the Na ϩ site influence the binding of Na ϩ , with residues in the 170, 186, and 220 loops playing a dominant role (262) . Similar conclusions have been drawn for FXa (280) .
Streptomyces griseus trypsin (SGT) is one of only a few trypsin-like enzymes of bacterial origin (276) and was recently turned into a Na ϩ -activated protease when residue Tyr-172 and the 186 and 220 loops of the enzyme were replaced with those of FXa (245) . Simple substitution of Pro-225 to Tyr similarly failed to elicit Na ϩ activation in SGT, similar to observations with tissue-type plasminogen activator (338) , as did replacement of the 186 and 220 loops to reproduce the complete Na ϩ binding environment of factor Xa (245) . Further replacement of Tyr-172, a residue not in direct contact with Na ϩ , was necessary to achieve Na ϩ activation. Inspection of the crystal structures of FXa (243) , aPC (210) , and thrombin (262) (140) . Conversion of Tyr-172 to Trp was crucial for engineering chymotrypsin-like specificity into trypsin. Overlap between residues controlling substrate specificity and Na ϩ binding in clotting proteases (262, 267) proves that residue 172 also plays a key role in Na ϩ activation. These results are strikingly similar to those observed in the conversion of trypsin into a chymotrypsin-like enzyme (138 -141, 335) . In both instances, mutagenesis of the 186 and 220 loops was initially suspected to introduce the desired catalytic property, yet further work identified a crucial role for residue 172. Further mimicry of the entire 170 loop of FXa resulted in an enzyme that is potently activated by Na ϩ , with the value of s ϭ k cat /K m increasing almost 60-fold relative to the inert cation choline (Fig. 32) . Titration of the constructed Na ϩ -activated proteases demonstrated weak cation binding characteristics, with values of K d for Na ϩ binding significantly higher than those reported for thrombin (K d ϭ 14 mM) (262) or FXa (K d ϭ 39 mM or 9.5 mM in the presence of Ca 2ϩ ) (329) . Nonetheless, the activating effect of Na ϩ is pronounced, proving that essential determinants for Na ϩ binding and allosteric transduction have been introduced for the first time in a serine protease. The importance of engineering Na ϩ activation in SGT should be appreciated as a proof of principle and placed in the context of the large number of proteases that have intrinsically poor activity toward substrate, like tissue-type plasminogen activator or several complement enzymes. Future engineering studies will reveal if the strategy used for SGT has wider applicability and may indeed increase the catalytic activity of poor enzymes. In the absence of enhanced catalytic activity, Na ϩ activation provides a mechanism for allosteric regulation that many proteases including SGT lack. Such regulation may bring about changes in specificity and drastic shifts in biological activities as demonstrated by thrombin (71) .
Molecular mimicry by substitution of an amino acid side chain for M ϩ provides an alternative strategy to rationally engineer more proficient enzymes (70) . The task is a difficult one, as demonstrated by attempts to mimic Na ϩ or K ϩ activation in thrombin (289) , pyruvate kinase (187) , and the molecular chaperone Hsc70 (353) . In all cases the ability of the enzyme to bind M ϩ was successfully reproduced by introduction of a Lys side chain. However, that did not lead to high catalytic activity. These observations suggest that replacement of a bound M ϩ is relatively straightforward, but the events that transduce M ϩ complexation into enhanced catalytic activity cannot be recapitulated by single amino acid substitutions. Additional changes in and around the M ϩ binding environment are necessary to provide crucial functional links between M ϩ binding and catalytic enhancement.
Clues of what such changes might entail have come from the recent observation that murine thrombin is devoid of Na ϩ activation but retains high catalytic activity (37) . In human thrombin, Na ϩ binding is severely compromised (Ͼ30-fold increase in K d ) upon mutation of Asp-189, Glu-217, Asp-222, and Tyr-225. Of these four residues, Glu-217 and Tyr-225 are conserved in thrombin in all species sequenced to date from hagfish to human (18) . Asp-189 is a Ser in the sturgeon, and the D189S mutant of human thrombin has impaired Na ϩ binding and substrate recognition (267) . Asp-222 is the least conserved residue among the four. It is Ser in the sturgeon, Lys in the mouse, and Asn in the rat (18) . The substitution in the mouse is particularly interesting, because it involves a charge reversal in the 220 loop that has the potential to destabilize the Na ϩ binding environment. The D221A/D222K mutant of human thrombin is devoid of Na ϩ activation (73) due to complete disruption of the Na ϩ binding site (262) . However, the mutant has functional properties intermediate between those of the Na ϩ -free and Na ϩ -bound forms of wild-type (73) , which suggests that murine thrombin can retain significant catalytic activity even in the absence of Na ϩ activation. Indeed, values of s and k cat for the hydrolysis of a chromogenic substrate by murine thrombin are constant over the entire [Na ϩ ] range and fall in between those of the Na ϩ -free and Na ϩ -bound forms of the human enzyme. Cleavage of other chromogenic and physiological substrates occurs with values of s similar to those of the Na ϩ -bound form of human thrombin (37) . Interestingly, the K222D mutation in murine thrombin significantly restores Na ϩ activation, as revealed most eloquently by the k cat (Fig.  33) . Affinity of this mutant for Na ϩ is very close to that of human thrombin. Hence, murine thrombin represents a successful example of molecular mimicry of M ϩ activation. Constitutive replacement of Na ϩ activation in murine thrombin has an important evolutionary advantage. Several mutations of human thrombin, e.g., Frankfurt (65), Salakta (218), Greenville (142), Scranton (315), Copenhagen (308) , and Saint Denis (288) , occur naturally at residues important for Na ϩ recognition and often cause bleeding. It is therefore possible that pressure to constitutively replace Na ϩ activation arose in the mouse to counter the effect of such mutations or more disruptive ones. Studies with anticoagulant mutants in human and murine thrombin support this conclusion and show that the same construct in the murine enzyme is less anticoagulant compared with the human construct (37) . Investigation of the molecular determinants of Na ϩ activation mimicry in the murine enzyme should reveal useful information to enhance the catalytic activity of many proteases.
VII. SUMMARY
M ϩ lie at a conceptual crossroads between modifier of solvent and metal-cofactor assisting enzyme function. Unlike organic solvents that affect solvent properties, M ϩ are ubiquitous components of fluids that bath biological macromolecules. Regulated intracellular and extracellular ionic composition provided the consistency of conditions that led to incorporation of M ϩ into protein structure to increase stability, function, activity, and diversity. Charge density of M ϩ is not sufficient to drive catalysis. Rather, M ϩ stabilizes catalytic intermediates and enzyme structure or provides optimal positioning of substrate. Vertebrate blood coagulation is an excellent example of how Na ϩ has interwoven into the activity and evolution of an enzyme family to facilitate a complex biological process. The knowledge emerged from studies on enzymes activated by Na ϩ and K ϩ should now enable the rational design of more proficient enzymes.
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